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1. INTRODUCTION 


Ir has long been known that the diffraction patterns of the Fraunhofer class 
exhibit, in certain simple cases, a recognizable relation to the form of the 
apertures giving rise to them. For example, the pattern of a triangular 
aperture resembles a six-rayed star; that of an elliptic aperture exhibits 
elliptic rings of the same eccentricity, but turned through a right angle, and 
so on. Investigations!» ? by the present author and his collaborators made 
and published many years ago revealed that geometric relationships which 
are essentially of the same nature are also exhibited by diffraction patterns 
of the Fresnel class. It was shown in the publications quoted that in the 
Fresnel patterns of an elliptic aperture there appears a concentration of the 
diffracted light along the evolute of the cross-section of the emergent pencil. 
The effect is in the nature of a caustic and indeed exhibits the characters 
usually associated with caustics. A similar effect is observabie in the Fresnel 
patterns of elliptic discs, and indeed quite generally in the diffraction patterns 
of apertures or obstacles with undulating boundaries. The origin of the 
effect was further elucidated by investigations®: 4-5 made by the author and 
his co-workers in which the technique of the Foucault test was employed to 
determine the characters of the radiation from diffracting boundaries in 
various circumstances. It was observed that the elements of a diffracting 
boundary act as sources of secondary radiations which appear with maximum 
intensity in a plane normal to themselves; from each element, two streams 
of diffracted radiation emerge which are in opposite phases and appear 
respectively on either side of the direction of incidence of the light on the 
boundary. 


From the facts stated, it follows that it should be possible to develop 
a theory of diffraction patterns on a purely geometric basis. Indeed, this was 
done successfully at the time® for the case of the Fraunhofer pattern of a 
semicircular aperture—the so-called heliometer diffraction figures. That it 
could also be done for Fresnel patterns was evident, but the matter was. not 
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followed up until many years later. The basic ideas of the theory were 
expounded in the second chapter of the author’s “Lectures on Optics” 
written out and printed in the year 1943 but not then given out for publica- 
tion. Basing himself on the ideas set out therein, Y. V. Kathavate’ worked 
out in detail the cases of a great many Fresnel diffraction patterns and his 
results were published in a series of six papers which appeared together in 
the April 1945 issue of these Proceedings. Many excellent photographs 
were reproduced with his papers which exhibit a highly satisfactory con- 
cordance with the results of the geometric theory. Elliptic obstacles and 
apertures give Fresnel patterns of great beauty and afford perhaps the most 
striking examples of the power and elegance of the geometric method in 
treating diffraction problems. Kathavate had indeed dealt with these cases 
in his fifth paper, but it was felt that this work had not covered them ade- 
quately and that it would, therefore, be useful to consider them afresh. 
That indeed is the object of the present paper. 


Sir C. V. RAMAN 


2. OBSERVATION OF THE PATTERNS 

The simple device of holding a circular aperture or disc obliquely in the 
path of a beam of light enables us to obtain the equivalent of an elliptic 
aperture or screen of the desired eccentricity. It is necessary, for obtaining 
the best results, that the metallic sheet carrying the aperture or the metallic 
disc should be very thin and that the circular edge has been accurately 
machined and has a smooth polish. The patterns depend very much on the 
eccentricity; by progressively altering the tilt, the entire sequence ranging 
from a circular aperture or disc to an elliptic aperture or disc of high eccenttri- 
city can be readily studied. Kathavate’s paper reproduces a series of photo- 
graphs obtained in this manner of the Fresnel patterns observed in the region 
of shadow of discs and in the region of the light transmitted by apertures. 
His photographs, however, do not show the phenomena outside the region 
of the transmitted light in the case of elliptic apertures of moderate or large 
eccentricity. To fill this gap, the series of six photographs reproduced in 
Plate XIV were recorded in the present investigation. An aperture of 
5 mm. diameter in a very thin steel sheet was used. The source of light was 
a pinhole illuminated by sunlight filtered through a red glass. The source 
was at a distance of 136 centimetres from the aperture and the divergent 
beam emerging therefrom was received on a photographic plate held 168 
centimetres away from it. The tilt of the aperture was progressively altered, 
being quite large for Fig. (a) and quite small for Fig. (f). The exposures 
given were very short in the case of Figs. (e) and (f). They were much larger 
for Figs. (b), (c) and (d), while quite a long exposure was given for Fig. (a) 
recorded with the largest tilt. 
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Special interest attaches to the study of the transition from the Fresnel 
to the Fraunhofer class of diffraction pattern in the case of elliptic apertures. 
Accordingly, the series of eight photographs reproduced in Plate XV was 
obtained to exhibit this transition. The patterns were recorded with the 
same aperture of 5mm. diameter set at the same obliquity in all the cases. 
The source of light was a fine pinhole illuminated by sunlight filtered through 
a red glass. A long-focus telescope objective of about 5 feet focal length 
was used to form a focussed image of the pinhole some 30 feet away from 
the objective on the other side. The light passed through the objective and 
then through the aperture and was received on a photographic plate held at 
an appropriate distance behind the aperture. This distance in the series of 


eight photographs was 18 inches, 3, 6, 15, 19, 22, 26 and 30 feet respec- 
tively. 


For the convenience of the reader, two of the plates of Kathavate’s paper 
are reproduced with the present communication as Plates XVI and XVII 
respectively. These, together with Plate XIV and XV recorded in the present 
study, form the experimental material which the reader of the paper can com- 
pare with the results of the theory. 


3. GEOMETRIC THEORY OF THE PATTERNS 


The geometric theory of diffraction patterns was expounded in the 
second chapter of the author’s “Lectures on Optics” already referred to. 
The theory was further discussed in these Proceedings by G. N. Rama- 
chandran® and also by Kathavate in the first of his series of six papers. Its 
application to numerous cases by graphical methods was also worked out 
by Kathavate. It is therefore unnecessary to go over the same ground here. 
For our present purpose, we commence by considering the simple case of 
a Fresnel pattern of a circular disc as it illustrates the ideas on which the 
theory is based very clearly. As is well known, the shadow thrown by a 
circular disc held in a divergent pencil of light exhibits a central spot sur- 
rounded by concentric dark and bright rings. The entire pattern can be 
deduced if we recognize that the edge of the disc is itself the source of the 
diffracted radiations which enter the region of the shadow. The radiations 
from the entire circumference arrive at the centre in the same phase and 
accordingly give the maximum possible intensity at that point. As we move 
away from the centre of the pattern in any direction, the elements of the 
boundary at the two ends of a diameter of the disc become effectively the 
sources of the radiation reaching the point of observation. The distances 
traversed by them being different, a phase difference arises and accordingly 
we would observe interferences. As has been shown by G. N. Rama- 
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chandran,* the positions of the circular rings around the central bright spot 


on 
can be quantitatively deduced from these considerations. 


fer 
With appropriate modifications, arguments of the same general natute tha 
enable us to deduce the characters of the diffraction pattern in the shadow 
of an elliptic disc. This pattern arises from the radiations diffracted by 
the boundary and entering into the region under consideration. It is useful 
to have a drawing in which the elliptic boundary of the shadow is shown and 
a series of normals are drawn to it. We proceed on the basis that each ele- 
ment of the diffracting boundary of the actual screen sends out radiations 
having the maximum intensity in the plane normal to itself and hence may 
indeed be regarded as effective only in that plane. Hence, to find the part 
of the boundary which is operative at any given point of observation on the 
screen, we draw a normal from that point to the boundary of the shadow. 
The length of the normal thus drawn is indicative both of the amplitude and 
the phase of the radiation reaching the point of observation from the corres- 
ponding point on the actual boundary. The amplitude decreases rapidly 
as the length of the normal increases, while the phase alters progressively. 
By superposing the radiations from the various points on the boundary 
which are operative at any particular point of observation, we derive th¢ 
effects observable at that point. Thus finally, the features of the pattern over 
the entire area can be envisaged. 


Two diagrams have been drawn in the manner indicated above. 
Figure 1 in the text below refers to the case in which the ratio of the major 
axis to the minor axis of the ellipse is 4:3. The evolute of the ellipse in this 
case falls entirely within the ellipse itself. Figure 2 in the text below refers 
to the case in which the ratio of the major to the minor axis is as 2:1. In 
the latter case, only part of the evolute and its cusps situated on the major 
axis appear within the ellipse, while the rest of the evolute along with the two 
other cusps lies outside the ellipse on a prolongation of the minor axis. The 
following features emerge from these diagrams. From any point outside the 
evolute, only two normals can be drawn to the elliptic boundary. On the 
other hand, from points within the figure of the evolute four normals can 
be drawn to the boundary. At any point on the evolute itself, these become 
coincident in pairs and hence here again, effectively only two normals can 
be drawn. 


Thus from the diagrams we can draw the following general inferences. 
Within the figure of the evolute we have four sources operative situated at 
the points on the boundary, the superposition of which will give us a charac- 
teristic interference pattern. At points outside the evolute only two sources 
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on the boundary would be operative and these again would give us an inter- 
ference pattern of a relatively simpler type. The diagrams show, however, 
that special situations arise at and near the four cusps of the evolute and also 


along the evolute itself. The two cusps on the major axis, as can be seen 
from the diagram, are effectively the foci of the diffracted radiations from 
a considerable length of the boundary on either side of the terminations of 
the major axis. It follows that the resultant intensities at these two cusps 
must be very large. A similar situation would also appear at the two cusps 
on the minor axis. But since the convergence of the diffracted rays is less 
and the angles of diffraction are larger in the latter case, the intensity of illu- 
mination at the cusps on the minor axis would be less pronounced and would 
also diminish rapidly with increasing ellipticity of the boundary. The evolute 
being itself the locus of the foci of the diffracted radiations, it would be a 
region in which the resultant intensity is large. Further, since the radiations 
teaching their foci at the cusps would diverge again, there would be a notice- 


able concentration of light on the prolongation of the minor axis beyond the 
cusps located on it, 
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4. THe FRESNEL PATTERNS OF ELLIPTIC Discs 


We now proceed to consider the nature of the interference patterns 
observable within the shadow of an elliptic disc. As has already been re- 
marked, these would be of an altogether different nature in the region within 
the evolute and outside it. Provided the ellipticity of the disc is not too 
great, the situation in the region outside the evolute would be analogous to 
that in the shadow of a circular disc; in other words, we would have inter- 
ference rings which are closed curves appearing in that region. But they 
would be neither circular nor of uniform intensity. It is easily seen that an 
interference ring of any given order would cut the minor axis at points further 
away from the centre of the pattern than its intersections with the major 
axis. The interference rings would therefore be of approximately elliptic 
form, their major axis coinciding with the minor axis of the shadow and 
vice versa. They would be most conspicuous at and near the points where 
they cross the minor axis and scarcely visible where they cut across the major 
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axis, the reason for such difference being that the radiations which interfere 


would be approximately of equal intensity in the former case and very unequal 
in the latter case. 


We now proceed to consider the interference pattern inside the region 
of the evolute. At and near the centre of the pattern, four sources of 
diffracted radiation would be effective which lie on the boundary at or nea 
the ends of the major and minor axes of the ellipse. The radiations from 
the ends of each axis would arrive at the centre in the same phase, but such 
phase would be different for the two axes and would also vary as we move 
away from the centre in either direction. Hence the interference pattern 
due to the superposition of the effects of the four sources would be an array 
of spots arranged in regular order along equidistant lines parallel to the major 
axis of the ellipse, and similarly also on lines parallel to the minor axis. 
Since the ends of the major axis are further away from each other and from 
the point of observation than the ends of the minor axis, the array of spots on 
lines parallel to the major axis would be spaced wider apart and would also 
be more conspicuous than the arrays on lines parallel to the minor axis. It 
should also be remarked that since two normals can be drawn to the 
boundary from any point on the evolute itself and two sources of diffracted 
radiation are therefore effective thereon, the evolute itself would not appear 
as a continuous curve of high luminosity but would be cut across by the 
interference bands parallel to the major axis referred to above. 


A few remarks will suffice regarding the case in which the elliptic disc is 
of large eccentricity. A substantial part of the eVolute would then lie out- 
side the shadow and we are not concerned with it here. It is obvious that in 
these circumstances, the diffraction pattern within the shadow would exhibit 
prominently a set of interference bands which are for the most part equidistant 
and parallel to the major axis but which would be splayed out near their 
ends, as the sources of diffracted radiation giving the interferences then 
approach each other. The pattern would be crossed by another set of bands 
parallel to the minor axis, but these would be much closer together and far 
less conspicuous than the bands parallel to the major axis, since the sources 
of diffracted radiation giving rise to them are further apart and effectively 
much weaker in the region under consideration. 


The reader may compare the foregoing results with the patterns repro- 
duced in Plate XVI which exhibit the patterns within the shadow of elliptic 
discs of six different ellipticities, 
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5. THE FRESNEL PATTERNS OF ELLIPTIC APERTURES 


Two distinct regions have to be considered in the discussion of Fresnel 
patterns of elliptic apertures. These may be designated as the internal and 
external regions respectively. In the first or internal region the radiations 
diffracted by the boundary are superposed on the geometric pencil of light 
emerging through the aperture and the pattern observed is determined by 
their interferences. The second or external region is the region of shadow 
which contains only the diffracted radiations from the boundary. The dis- 
cussions given earlier for the case of an elliptic disc are helpful in dealing 
with the present problem. Indeed, the results of that discussion may be 
taken over mutatis-mutandis in considering the internal pattern; we have to 
remember, however, that the phases of the diffracted radiations would all 
be reversed and that in the final result the interferences with the transmitted 
pencil of light have also to be taken into account. 


The diffraction pattern in the exterior region may be deduced in a 
simple fashion. If the ellipticity is small or moderate, the pattern would 
consist of closed interference curves. These would approximate to ellipses 
in their configuration, their major axis being parallel to the minor axis of 
the aperture and vice versa. Kathavate verified this result experimentally 
(see Plate XI of his paper). It is evident for reasons already explained that 
the visibility of the rings would be much greater in the vicinity of the minor 
axis than of the major axis. 


If the ellipticity be considerable, the figure of the evolute and its pro- 
longation beyond the two cusps on the minor axis would extend into the 
region of the shadow. This extension would be then the most noticeable 
feature of the external diffraction pattern, since the intensity would be 
greatest along the figure of the evolute. This is evident in Figs. (a), (d), (0) 
and (d) in Plate XIV. These also exhibit other features which we shall proceed 
to consider. We may remark in the first place that a few interference fringes 
are to be noticed alongside the evolute running parallel to it. This is a 
general feature of all caustics and does not therefore need special explanation. 
In the region enclosed by the evolute and also cutting across it at regular 
intervals, a regular sequence of bands appears, these being transverse to the 
minor axis of the ellipse and exhibiting a marked curvature. They arise from 
the superposition of the diffracted radiations from the two sides of the ellipse 
and are conspicuous because the interfering radiations are of comparable 
intensity. The narrowing of the ellipse as we move from its centre towards 
the ends causes the curvature of the bands. They are most intense at small 
angles of diffraction and fade away as we proceed towar ds the cusps of the 
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evolute. Finally, it may be remarked that outside the figure of the evolute | 
and cutting across its prolongation on the minor axis beyond the cusps, the 
elliptic rings referred to above should also manifest themselves, though only 
very feebly. 

We have now to consider the nature of the internal patterns in which the 
radiations diffracted by the boundary and the incident pencil of light as it 
emerges from the aperture are superposed. It is evident that the radiations 
diffracted through small angles by the elements of the boundary and inter- 
fering with the primary beam would give rise to fringes forming closed curves 
adjacent to the boundary and running parallel to it. Further inside the 
patterns, however, the disposition of the interferences would be profoundly 
altered, firstly by the convergence of the diffracted radiation to foci at the 
four cusps of the evolute, and elsewhere by the superposition of the diffracted 
radiations from two or even four elements of the boundary at particular 
points within the patterns. Since at the two cusps on the major axis. the 
intensity of the diffracted radiation is large and indeed comparable with that 
of the primary beam, the interferences with the latter at and near these foci 
should be very conspicuous; a disposition of the fringes in their vicinity 
along arcs of circles centred around them is also to be expected. Then 
again, the superposition of the radiations from opposite sides of the elliptic 
boundary would result in cancelling out the influence of the curvature of that 
boundary on the disposition of the interferences within the pattern. Such 
an effect should be particularly conspicuous in respect of the parts of the 
boundary which run nearly parallel to the major axis of the ellipse. Thus, 
we should expect the fringes of the usual type running parallel to the elliptic 
boundary to be replaced by a series of straight bands parallel to the major 
axis, their number and disposition being determined by the ellipticity and 
other relevant circumstances. Since the effect of four sources is superposed 
on the primary beam at and near the centre of the pattern, the bands parallel 
to the major axis would in that region be crossed by another set of bands 
parallel to the minor axis which would be less conspicuous and also more 
closely spaced. 


The foregoing results are very clearly illustrated by the pttterns repro- 
duced as Figs. (e) and (f) in Plate XIV and by the array of fifteen pictures 
in Plate XVII taken from Kathavate’s paper. The latter were recorded by 
him with elliptic apertures of different sizes and eccentricities. They were 
obtained by making three sharp circular holes in a metal sheet, with radii 
respectively equal to 6-9mm., 5-3mm. and 4-8mm. By tilting the sheet 
with respect to the incident beam, three diffraction patterns could be photo- 
graphed simultaneously. Thus with five different tilts, fifteen photographs 
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in all were obtained. In the reproduction, all the fifteen figures were enlarged 
to nearly the same size. 


6. ‘TRANSITION FROM THE FRESNEL TO THE FRAUNHOFER PATTERNS 


The Fresnel pattern of an elliptic aperture observed in its immediate 
vicinity is an elliptic patch of light orientated in the same manner as the 
aperture itself. The Fraunhofer pattern observed at the focus of the 
lens which concentrates the light passing through the aperture is also an 
elliptic patch of light, but turned round through a right angle and sur- 
rounded by elliptic rings of the same shape and orientation. The successive 
stages of this transformation are illustrated by the series of eight photographs 
reproduced in Plate XV. The features seen in the photographs are readily 
understood in terms of the preceding discussion of the nature of the Fresnel 
patterns themselves. As we proceed from the aperture towards the focus of 
the lens, the cross-section of the geometric pencil diminishes progressively, 
and what has been referred to as the interior pattern contracts to a point and 
ultimately vanishes. What survives is the exterior pattern and it is the pro- 
gressive alteration in the nature of that pattern that is represented in the 
series of photographs. In Fig. 2 of Plate XV we see the evolute and its 
accompanying fringes outside the elliptic patch of light. An important role 
is played by the very faint extension of this evolute beyond its cusps. A brush 
of light extends outwards along the minor axis; as can be seen from the 
series of photographs, this is interrupted by interferences crossing it, due to 
their intersection with the elliptic rings which are a characteristic feature of 
the exterior patterns; these are however much too feeble to give any other 
evidence of their presence in the first four photographs of the sequence. 
They are barely visible in the fifth photograph, but are much better seen in 
the sixth. The seventh and the eighth photographs show the final trans- 
formation of the brush into a complete set of elliptic rings. 


7. SUMMARY 


The Fresnel patterns of elliptic discs and apertures afford a striking 
example of the power of the geometric method in treating the theory 
of diffraction patterns. They are discussed in detail and a series of photo- 
graphs exhibiting the features indicated by the theory are reproduced. 
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Pattern in the Shadow of Elliptic Discs. 
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INTRODUCTION 


THE study of variation of elastic properties of rocks with direction is of parti- 
cular interest in trying to interpret the nature of the earth’s crust. A few 
attempts in this direction were made in the past in the laboratory using static 
and dynamic methods. Zisman (1933) using a static method found the varia- 
tion of Young’s modulus with direction to be very large, in certain rocks like 
marble, layered gneiss and limestone, contrary to perfect isotropy found in 
quincy granite. On the other hand, Ide (1936) employing a dynamic method 
and working on the same specimens of Zisman, found no difference between . 
the directions parallel to and perpendicular to foliation. According to 
Birch and Bancroft (1938) it is natural to suppose that most igneous rocks, 
with no evident bedding plane or variation of composition, will be very nearly 
isotropic. Prasadarao (1947) working with some Indian rocks concluded 
that in sedimentary rocks the velocity is higher in a direction perpendicula 
to the bedding plane while in igneous rocks it is so in a direction normal to 
the easy breakage plane. The author (1956) has found that elastically, rocks 
are almost isotropic and this is what one should expect, if they are polycrystal- 
line aggregates where the crystallites composing the aggregate are randomly 
oriented. Recently the author (1959) studied the anisotropy in bedded lime- 
stones and observed that the velocities in two mutually perpendicular direc- 
tions differ appreciably. In fact, the velocity in a direction perpendicular to 
the bedding plane is usually the higher. This is understandable in a strati- 
fied rock like bedded limestone because of varying stresses acting in the 
two directions. In view of this result, the author in the present investigation 
has studied in detail the variation of ultrasonic velocities in rocks like gneisses, 
schists, limestones and granites, where there is a definite dimensional orienta- 
tion of crystallites composing the aggregate. 


2. EXPERIMENTAL TECHNIQUE AND RESULTS 


Pulse technique involving total internal reflection as described by 
Krishnamurthi and Balakrishna (1953) has been employed to measure the 


318 


velo 

mea 
nam 

cut 

tion 

refe 

refe 
thic 

and 

| nur 
and 

typ 


Dimensional Orientation on Ultrasonic Velocities in Some Rocks 319 


velocities V;, (Longitudinal) and V, (Torsional) respectively. Velocities are, 
measured in plates cut mutually perpendicular to definite reference directions, 
namely, Foliation, schistosity, bedding plane and lineation. One section is 
cut parallel to the reference direction and velocities are measured in a direc- 
tion perpendicular to reference (a) while the other is cut perpendicular to 
reference direction and velocities: are measured in a direction parallel to 
reference (b). In both cases, plates of about 2-5cm. square and 4:0 mm. 
thickness are cut with a machine, strictly adhering to the reference directions 
and are ground to uniform thickness. 


Table I gives the ultrasonic velocities V,;, and V, in meters/sec. in a 
number of rocks in both the directions (a) and (b). To ensure the correctness 
and constancy of the velocity values, three specimens of the same lithological 
type have been chosen as can be seen from Table I. 


TABLE | 


Effect of dimensional orientation on ultrasonic velocities 


Reference a b 
SI. No. Rock direction 
Vi Vy Vi Vr 
1 Gneiss Foliation 7865 2659 6242 2630 
? 6932 2472 6135 2370 
3 6662° 2390 6081 2320 
4 Schist Schistosity 8155 2825. 7450S 2674 
5 8025 2740 7740 2609 
6 6420 2650 5815 2530 
7 Limestones Bedding plane 7379 3260 6590 3090 
8 at 7010 3420 6780 3260 | 
9 6850 3290 6530 3160 
10 Granite Lineation 6408 3020 6210 2890 
11 6134 2947 6015 2820 
12 6080 2932 5772, 2630 


~ 
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3. DISCUSSION 


It can be seen from Table I that velocities across and parallel to the refer. 
ence direction vary considerably. The velocity value in the direction (a) 
is consistently bigher than in the direction (5) in all cases. This consistent 
variation in one specific direction itself indicates that these dimensionally 
oriented rocks are definitely anisotropic. These rocks have a definite dimen- 
sional orientation and the velocities are influenced by this and hence this 
anisotropy. This is to be expected in these types of rocks because more 
compaction has taken place in the direction perpendicular to the reference 
and also because of the varying stresses acting on them. It is interesting to 
note that both the velocities (V;, and V,) vary in a similar manner in all the 
cases. Another significant feature is that the anisotropy exhibited by the 
velocity values is very considerable in gneisses, schists and limestones in con- 
trast to what is seen in granites. This is because granite is a plutonic rock 
and is hence more or less homogeneous, while others are more deformed 
in specific directions namely the reference directions. This can be seen in 
the microphotographs, Figs. 1 and 3 in Plate XVIII. 


Again in the same lithological type, namely, schists a marked variation 
in velocity values themselves can be noticed in Table I (specimens 4 and 6). 
This is to be attributed to the banded structure and the smaller degree of 
deformation undergone by specimen 6 in contrast to specimen 4. This is seen 
from the photographs 1 (specimen 4) and 2 (specimen 6) in Plate XVIII. 
Figures 2 and 4 show the banded nature and the smaller degree of deforma- 
tion suffered by specimen 6 in comparison to that of specimen 4. A similar 
behaviour in the values obtained for the gneisses (specimens | and 3 of 
Table I) can also be noticed. 


These and many other observations suggest that variations in the velo- 
cities themselves and consequently in the anisotropy noticed in the same 
lithological types should be attributed to their different geological history. 
Such variations in velocity as are found in the directions (a) and (bd) as per 
notation employed in this paper are definitely a dimensional feature, since 
the rocks chosen are chemically and mineralogically homogeneous. 


4. SUMMARY 


The variation of ultrasonic velocities in rocks like gneisses, schists, lime- 
stones and granites, which have a dimensional orientation has been studied. 
The velocities are found to vary considerably in directions perpendicular and 
parallel to the reference direction. This is to be attributed to the greater 
compaction and varying stress it has been subjected to in that direction. 
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Fic. 3, x30 
SPECIMEN 10. GRANITE 


FIG. 2, x5 
SPECIMEN 6. SCHIST 


FIG. 4 
SPECIMEN 6. BANDED SCHIST 
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Further the velocity values in the same lithological type depend upon the 
structure and the geological history of the specimen. 
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LONGITUDINAL POLARISATION OF BETA 
PARTICLES FROM Rb* Pr™ AND Co® 


By M. C. Josui1, V. G. KULKARNI, C. V. PANAT AND B. V. THosar, F.A.Sc. 


(Tata Institute of Fundamental Research, Bombay-1) 
Received April 8, 1959 
INTRODUCTION 


THE two component theory of the neutrino expects the degree of longitudinal 
polarisation of the beta particles emitted in beta decay to be equal to v/c 
(Lee and Yang, 1957; Landau, 1957; Jackson et al.; A. Salam, 1957), 
Various methods of detecting and measuring this degree of polarisation have 
been reported so far (C. S. Wu, 1957). In this work, the measurements 
of the degree of polarisation of beta particles from Rb*, Pr! and Co™ using 
the method of Mott scattering are reported. This method is particularly 
suitable for low energy electrons as one can obtain a higher asymmetry in 
the counting rates by using a high Z material like gold for the scatterer. 


EXPERIMENTAL ARRANGEMENT 


The experimental arrangement is schematically shown in Fig. 1 (also see 
Plate XIX). The conversion of longitudinal polarisation of the beta particles 
to transverse polarisation was achieved by means of an electro-static cylindri- 
cal condensor, consisting of two concentric sectors of cylinders with mean 
radius 5” and gap 4” (Tolhoek, 1956). The aluminium electrodes and the 
perspex spacers which held them firmly were both accurately machined. 
The angle of the electrode sector was 115°, so that the condenser could be 
used to give conversion of polarisation for electron energies from 90 KeV 
to 150 KeV (Tolhoek, 1956). The electron beam transversely polarised, 
emerges through the condenser, passes through the slit, and suffers Mott 
scattering at the gold foil F, which makes an angle of 45° with the direction 
of the beam. The electrons scattered in an angular interval of 90 + 9° 
are counted by means of end window G.M. counters in the side channels, 
and the asymmetry in the counting rates L/R is determined. The conven- 
tion for Left (L) and Right (R) used here is the same as given by Fraunfelder 
(Fraunfelder et al., 1957). Electrons going through the foil vertically are 
counted by the top G.M. counter marked Monitor. 


The end window G.M. counters have mica windows about 1-6 mgm./cm.? 
thick and about |” in diameter. They are surrounded by lead rings to reduce 
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the background counting rate. The entire scattering assembly along with 
the gold scatterer F could be rotated about the beam without disturbing the 
vacuum. The scatterer could be separately turned from outside so as to 
make any desired angle with the beam. 


MONITOR 
| | | | 
G.M [ ou 
! | 
! 
DIF FUSION 
PuMP 
\ 
POLARIZATION 


CONVERTER 


Fic. 1. Converter and Scatterer Assembly. 


The gold scatterer F was prepared by evaporating gold on a collodian 
film about 50 gm./cm.? thick, carefully prepared to avoid any frills. The 
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. thickness of the gold deposited was about 75 ygm./cm.?_ This precaution is 
essential as higher thickness of the scatterer results in plural scattering which 
tends to decrease the observed degree of polarisation (Shull, 1943). Sources 
were prepared on plastic films 85 ugm./cm.? thick. In all cases the source 
thickness was estimated to be less than 0-2 mgm./cm.? The sources were 
obtained from Harwell, and were of very high specific activity. Care was 
taken to earth the sources. 


The side channels were adequately shielded, so as to maintain a back- 
ground of 21 + 0-8 counts/min. The background with the electron beam 
‘on’ but the scatterer withdrawn was 25 + 0-8 counts/min. indicating a 
very low contribution due to the scattering from the walls of the scattering 
assembly. The counting rate due to the scattering from the gold foil was 
of the same order of magnitude as the background counting rate. 


The diameter of the beam at F was measured by replacing the scatterer 
by an aluminium absorber and checking the counting rate with the monitor 
counter for various angles of the absorber with respect to the beam. The 
diameter of the beam was estimated to be 4” at F. To test the instrumental 
asymmetry, if any, aluminium was used as the scatterer instead of gold 
and the left-right asymmetry was checked. This was found to be very small 
namely L/R = 1-01 + 0-02 as compared to the asymmetry with gold as the 
scatterer which was L/R = 1-23 + 0-03 for Tm” as the source. 


The uniformity of the gold foil was tested by rotating the foil through 
180° in its plane and carrying out the experiments again. The two observa- 
tions were in good agreement within experimental error which was less than 
2%. The stability of the entire set up was tested for several hours, and the 
reproducibility was ensured by taking several sets of observations in each 
case. 


The degree of polarisation P is calculated from the relation, 


L_ 1+ Pa(@) 
R~ 1 — Pa(8) 


where a(@), the polarisation asymmetry factor for scattering angle 6, and 
for a given energy, has been taken from Sherman’s tables (Sherman, 1956). 
The values of P obtained for various sources for the transmission position 
of the scatterer are given in Table I. 


These results show that for allowed and first- forbidden transitions of 
both Fermi and G.T. type of interactions the degree of polarisation P obeys 
— V/C law, for the energy investigated here (110 KeV). The slight difference 
between the observed and the theoretical values of P can be attributed in 
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TABLE I 


Observed Degree of 
Isotope Type of Beta decay vic L/R polarisation 


Co AJ =1 No 0-57 1-38+0-02 —(1-00+0-02) V/C 


Pri44 AJ =0 Yes 0-57 1-27+0-02 —(0-86+0-02) V/C 
O-— 


Rb* AJ =2 Yes 0-57 1-30+0-02 —(0-94+0-02) V/C 


these experiments to depolarisation due to source thickness, thickness of 
the source backing, and slight deviation from the transverse nature of the 
beam. Tm!” which was used to test the instrument was a thicker source 
(about 2 mgm./cm.*) and had a thicker backing (about 5 mgm./cm.?). This 
resulted in a considerable depolarisation, P = — 0-7 V/C. These depolarisa- 
tion effects are being studied in detail. 


SUMMARY 


An experimental set up is described for converting longitudinal polarisa- 
tion of beta particles to transverse polarisation and for determining the 
degree of polarisation, using the method of Mott scattering from a thin gold 
foil. Electron polarisation in the energy range 90 to 150 KeV can be studied. 
The degree of polarisation for beta particles of energy 110 KeV from Co®, Pr'#4 


and Rb® has been determined and is seen to be equal to — V/C, within the 
limits of experimental error. 
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1. INTRODUCTION 


THE object of this paper is to present the design of a compact constant tem- 
perature chamber which can be used for X-ray studies of thermal properties 
of crystals. This chamber, in conjunction with a back reflection camera, is 
particularly suitable for accurate study of the lattice expansion of single 
crystals, over a wide range of temperatures from —185° C. to +200°C. in 
a single experimental set up. This has a special advantage over many of the 
designs described by other investigators,“ where two different experimental 
arrangements are necessary for X-ray study of a substance—one above the 
room temperature and the other below. Some of the cameras can, of course, 
be adapted to serve the double purpose, as those described by Taylor, Goetz 
and Hergenrother? and Hume-Rothery and Strawbridge.* But in general, 
the type of these cameras is such that it does not permit the refinements 
which can be incorporated when a camera is for use in one range of tem- 
peratures only. 


2. EXPERIMENTAL ARRANGEMENT 
(a) Constant Temperature Chamber 


A thermostat capable of maintaining the crystal at any required steady 
temperature between — 185°C. and + 200°C., without any temperature 
gradient along the length of the specimen, is described below. Figure | 
gives a diagrammatic sketch of this constant temperature chamber. 


Bottom unit of the chamber.—This consists of a cylindrical perspex in- 
sulator block 1 cm. in thickness and 1 cm. in radius (P. 1) at the top of which 
a small cavity 4mm. deep and 5 mm. radius is bored (P. 2) and a concentric 
circular groove of 4mm. depth turned round it (P.3). The central cavity 
houses a 5 watt micro-heater (H. 1) wound with 36 s.w.g. double silk insulated 
eureka wire on a soapstone bobbin 3 mm. in height and 4 mm. in radius (P. 4). 
A brass screw (P. 5) with a through bore along its length is inserted into a 
narrow hole drilled along the axis of the bobbin and is then screwed tightly 
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into the perspex insulator block. One junction of a glass insulated iron- 
constantan thermocouple wire of 30 s.w.g. (Th. 1) is taken through the central 
bore of the brass screw and is soldered on to its head. In the immediate 
vicinity of the soldered junction, a narrow hole is drilled to a depth of 
14mm. The crystal specimen (P. 6) can be mounted into this hole and it is 
heated by conduction. The thermocouple lead and the heater wires (H.T. 1) 
and (H.T. 2) are taken through tight-fitting holes drilled right through the 
perspex block. The advantage of adopting this arrangement instead of 
directly taking the wires out, is that any strain or twist introduced into the 
wires as the crystal oscillates, is not transmitted to the soldered junction or 
the heater terminals. If this arrangement is not made, it is found that the 
thermocouple soldered junction would get cut and the heater wires would 
snap at the places where they come out of the bobbin, within 15-20 minutes 
of the commencement of oscillation. The perspex attachment with all its 
constituents can be screwed on to the head of the topmost arc of a conven- 
tional goniometer (P.7) so as to make use of the horizontal and angular 
movements provided. 


Since the brass screw, on which the crystal is mounted, is securely screwed 
into the perspex insulator block, it is very necessary that the differing expan- 
sions of the two materials when the temperature is changed should not result 


in warping the insulating base, with consequent movement of the specimen 
under investigation. After a careful experimentation with different insulating 
materials, it has been found that the perspex material serves the required 
purpose admirably throughout the range of — 185° C. to + 200° C., as it com- 
bines mechanical strength, thermal insulation and’ the right contraction rela- 
tive to brass when the temperature is changed. 


Top unit of the constant temperature chamber.—Two well-shaped con- 
centric grooves (B. 1) are cut in a circular brass plate (B. 2) of radius 14 cm. 
and thickness 5mm. A through bore is drilled at the centre of the brass 
plate so that it can be slipped into position (P. 3) on the perspex block. It is 
held tight in this position with two brass screws (B. 3) fixed at its bottom. 
This brass attachment forms a very important part of the cryostat and its 
function will be explained in the next section. 


The top half of a cylindrical brass rod of 1:4 cm. height and 1-3 cm. 
diameter is turned into a bobbin (B. 4) for a 15 watt heater (H. 2). The lower 
segment of this cylinder is bored to a height of 8 mm. and its sides cut except 
for two supporting legs (B. 5) and a threaded ring (B. 6) at the bottom. This 
afrangement permits a free passage for the incident X-ray beam, and the 
scattered X-rays can be photographed, if necessary, over an angular range 
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of nearly 300°. One junction of a 30s.w.g. iron-constantan thermocouple 
wire (Th. 2) is inserted through a hole drilled at the bottom of the top electrical] 
heater and then soldered. The lower segment of the brass unit, with its 
supporting legs and ring, is covered all round with cellophane paper. The 
whole unit can be screwed on to the brass attachment (B. 2). 


H.T.4 


HT.3 


B.4 


Fic. 1. 


liquid air is dropped. 


Vertical section of the constant temperature chamber. 


P.1. Perspex block attachcd to Goniometer B.3. Screws fixing B. 2 to P.1. 
P. 7. B.4. Bobbin for top heater. 
P.2. Cavity enclosing the heater H. 1. B.5. Legs supporting B. 4. 
P.3. Groove in P.1 in which B. 2 sits. B.6. Collar fixing top unit to B. 2. 
P.4. Soapstone bobbin for H. 1. B.7. Constant temperature enclosure. 
P.5. Brass screw head for holding the specimen. H.1. Bottom heater. 
P.6. Crystal specimen. H. 2. Top heater. 
P.7. Goniometer Head. H.T. Heater Terminals. 
B.1. Grooves in Brass attachment B. 2 into which Th. Thermocouple leads. 


(b) Control and Measurement of Temperature in the Cryostat 


Cooling below the room temperature is produced by dropping liquid 
oxygen in the brass attachment. Liquid oxygen is filtered into a cylindrical 
Dewar flask (Lonsdale and Smith, 1941), the lower end of which is fitted 
with a cork stopper (carrying a hypodermic needle of very fine bore) and it is 
held tight by insulation tape. The Dewar flask is then fixed above the 
constant temperature chamber in such a position that the fine steady stream 
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of liquid oxygen flowing down the needle drops directly into the first groove 
of the brass attachment (B.1). With the top and bottom electrical heaters 
switched off, the enclosure inside the cellophane paper (B.7) attains the 
temperature of the cooling medium within 3-4 minutes. Any intermediate 
temperature between that of the cooling liquid and the room temperature 
can be obtained by adjusting the currents in the top and bottom heaters of 
the chamber. For changes of the order of 30° K., the temperature inside 
the chamber becomes steady within two minutes. A dissipation of about 4 
watts in the bottom heater and of about 12-15 watts in the top one, raises 
the enclosure to nearly room temperature. Small changes in the temperature 
of the enclosure can also be brought about by allowing the cooling liquid to 
drop into the second groove of the brass attachment instead of the first. 
About 300c.c. of liquid oxygen are enough to maintain the crystal at any 
constant temperature for a period of 30-40 minutes. The temperature can 
be maintained constant to an accuracy of less than + 0-5° C. over the entire 
low temperature range. 


As the constant temperature chamber is enclosed in the cellophane 
cover, the direct condensation of ice on the crystal is completely eliminated. 
As the cooling liquid in the groove (B. 1) evaporates, the dry cold gas pro- 
duced, surrounds the chamber completely and thereby minimises the settling 
of moisture on the cellophane paper. This is made further effective by 
enclosing the goniometer and its attachments inside a thin-walled plastic 
cylindrical cover with windows cut for the passage of X-rays and maintained 
slightly above room temperature with the help of a 30 watt heater wound 
on its lower half. : 


For high temperature study of the crystal, the Dewar flask is removed 
and the temperature of the enclosure raised with the help of lower and upper 
heaters. 


The temperature of the chamber is measured by means of the two iron- 
constantan thermocouples (Th. 1) and (Th. 2) previously calibrated for high 
and low temperature regions.‘ The fixed points used for low temperature 
calibration are the melting points of carbon disulphide, methyl acetate, 
bromobenzene and methyl benzoate. The high temperature calibration is 
done with the help of both a standard thermometer capable of reading up 
to 0-2°C., and the standard melting points of naphthalene and succinic 
acid. 


An auxiliary thermocouple is used to investigate the temperature differ- 
ence between that indicated jointly by the top and bottom thermocouples 
and that of the space at the middle of the chamber, later occupied by the 
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crystal. The difference is found to be negligible over the entire low tem- 


perature range and is of the order of 3° C. when the enclosure is raised to 
150° C. 


(c) Camera Parts 


The goniometer with all its attachments is mounted on the central 
vertical spindle of a Unicam single crystal rotation camera. With the 
apparatus arranged in front of the X-ray tube in its normal position, oscilla- 
tion and Laue photographs can be easily taken with cylindrical and flat 
cassettes without any essential modification. For taking back reflection 
photographs, a brass cassette, a section of a brass cylinder of diameter 
22:9cm., is employed. The crystal is irradiated with X-rays collimated by 
a vertical slit system. The latter consists of a 7 cm. long brass tube with 
its open ends fitted with two vertical and aligned lead slits separated from 
each other by 6:5cm. The collimator can be inserted into the hole located 
at the middle of the cassette and rigidly clamped. The collimator also 
passes through a circular hole punched in the X-ray film enclosed in a black 
paper envelope and held pressed against the inner surface of the cassette with 
two aluminium straps. 


Since the X-ray film cassette is mounted completely outside the low 
temperature enclosure, the film remains at room temperature when the tem- 
perature of the chamber is altered. Further, this arrangement permits easy 
removal and reloading of the X-ray film without in any way disturbing the 
low temperature system. 


(d) Mounting and Alignment of the Crystal 


The crystal enclosed and sealed in a Lindemann capillary is mounted 
at the centre of brass head (P. 5) with silico-phosphate cement. After allow- 
ing a couple of hours for the cement to set, it is subjected to a slow and 
repeated treatment of alternate heating and cooling. If this procedure is 
not employed, the application of low temperature results invariably in tilting 
the specimen slightly thus upsetting its exact centering and alignment so 
essential for accurate lattice expansion work. The centering and alignment 
of the specimen are done first optically and then with the help of trial oscilla- 
tion photographs taken either on the single crystal oscillation camera or a 
conventional Weissenberg goniometer. 


(e) Advantages and Disadvantages 


The essential feature of the constant temperature chamber is the direct 
mounting of the sample between two heaters with thermocouples provided 
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to measure the top and bottom temperatures of the sample. This arrange- 
ment practically eliminates the possibility of any temperature gradient along 
the length of the specimen which is of paramount importance in accurate 
thermal lattice expansion work. Further because of the small size of the 
thermostat, the required temperature is obtainable and measurable in very 
short intervals of time eliminating unnecessary delay. Also for the same 
reason, the camera is very economical in the use of the liquid coolant. The 
ease with which the thermocouples and the heaters can be replaced in the 
event of furnace-feature, and the negligible cost of the materials used are 
some of the additional attractive features of the thermostat. Further it may 
be remarked that the present design, with a slight modification, has been 
found to be quite efficient in growing single crystals on the goniometer itself 
over a temperature range from — 185° C. to + 200°C. This modification will 
be discussed in a subsequent paper. 


Another noteworthy point about the design is that the crystal can be 
kept at any desired low temperature even without the use of the heaters just 
by changing the position of the Dewar. The liquid oxygen can be made to 
fall at different positions on the brass attachment and this brings about differ- 
ent temperatures for the sample. Of course, this mode of changing the tem- 
perature of the specimen will not be as good as that brought about by altering 
the currents in the heaters from the point of view of facility and speed. How- 
ever, it serves a very useful purpose when the temperature has got to be 
altered in the event of breakdown of heaters during the course of an experi- 
ment. Further, the third outer heater apart from its use in eliminating the 
settling of moisture on the cryostat and goniometer, can be efficiently used to 
bring about small changes in the temperature of the chamber by increasing 
the temperature of the surroundings. 

The chief limitation of the constant temperature chamber lies in the 
screening of the X-ray film over an angular range of nearly 60° by the 
supporting legs of the top attachment of the chamber. However, this does 
not pose any particular difficulty in the lattice expansion investigation because 
the recording of reflections is confined only to high-angle spots. The second 
difficulty, namely, the settling of moisture at low temperatures is a general 
problem in low temperature X-ray crystallography and as such is not peculiar 
to this camera. As already described, this defect has been reduced to the 
minimum possible. 

The present form of the thermostat can be easily modified to extend the 
high temperature limit to about 600°C. The use of the perspex block for 
heat insulation between the crystal and the goniometer, prevents the appli- 
cation of the present camera for higher temperature investigation. However, 
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if soapstone material, initially baked at about 1,000°C. to give it sufficient 
mechanical strength, is incorporated, instead of the perspex block, to house 
the lower heater, the present high temperature limit of 200° C. can be easily 
extended to about 600°C. 


The present camera has been extensively used in the investigation of 
lattice expansion of sodium chloride and other alkali halides over a tem- 
perature range of — 180°C. to 200°C. Accurate measurements of lattice 
expansion coefficients of these salts have been made. It may be remarked 
that the results of these investigations show that the lattice and macroscopic 
thermal expansion coefficients of the alkali halides studied, are not signi- 
ficantly different and are the same within the limits of experimental error. 
These results will be discussed in detail in subsequent communications. 


SUMMARY 


The design of a compact constant temperature chamber which can be 
used for X-ray studies of therma! properties of crystals at any steady tempera- 
ture between — 185° C. and + 200° C. is described. The adaptation of this 
thermostat for taking Laue, oscillation and back reflection photographs is 
also described. The advantages and disadvantages of the present design 
are discussed in detail. 
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1. INTRODUCTION 


THE particle size distribution in emulsions is one of the important factors 
which influence all their physical properties. In the past numerous empirical 
studies have been made on this subject, but the only previous study on emul- 
sions prepared by ultrasonic methods is that of Bondy and Sollner (1936) 
which indicated that the particle sizes are comparable to those in emulsions 
prepared with colloid mills, etc. But as Bondy and Sollner themselves 
pointed out, the small number of particles studies in each specimen (~ 300) 
allows only a semiquantitative discussion. The present studies were made 
to correlate the particle sizes in emulsions prepared by ultrasonic irradiation 
and by handshaking, and to investigate the effect of increasing the time of 
irradiation of the emulsion. 


2. EXPERIMENTAL DETAILS 


Among the many techniques available for the determination of the 
particle sizes (Hahn, 1928; Dallavalla, 1948; Fischer, 1953; Cadle, 1955), 
the photomicrography has several advantages for the present work. It is 
direct and complete though somewhat tedious. The emulsion chosen 
was the kerosene-in-water system with sodium oleate emulsifier. The details 
of the emulsification set up has been described by Krishnan ef al. (1959). 
The fresh emulsions were photographed at x400 and further enlarged to 
give an overall magnification of 2,000. The various experimental techniques 
of photomicrography are given in detail by Green (1921) and by Shillaber 
(1944). 


Several errors exist in this type of work which are often overlooked. The 
various types of errors are (a) errors of magnification, like the calibration of 
the stage and the scales used, distortion of the images, etc., (b) errors in size 
measurements due to the diffraction effects, distortion of the photographic 
emulsion and rounding off the observations and (c) statistical errors. The 
major experimental difficulties are poor focussing, oblique illumination, 
improper exposure and developing. With some care many of these troubles 
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are overcome, though some are of instrumental origin. But the statistical 
errors require some consideration. Errors of this category are (1) finite 
number of particles and (ii) poor selection of the field. In order to have 
a statistical basis for the analysis of the data, at least 1,000 particles must be 
counted and preferably many more. As most of the particles are very small, 
there is a tendency to photograph only such fields containing small particles, 
and so the bigger particles do not get fair justice. Also, in many cases, local 
clusterings occur. A good sampling of the emulsion is very difficult to 
achieve (Cadle, 1955). This, as well as the truncation error (Kolloid. Z., in 


press), may account for the many discordant experimental results in the 
literature. 


3. RESULTS AND DISCUSSION 


Some experiments were made to compare the particle size distributions 
in emulsions produced by different methods. As an example, emulsion I 
is prepared by the intermittent handshaking method (Berkman and Egloff, 
1941, p. 162), and emulsion II is a D.D.T. emulsion produced ultrasonically 
at E = 100 ergs/c.c. The D.D.T. is included as a 1 per cent. kerosene 
solution. The fractile diagrams of the two samples, drawn according to 
the usual statistical procedure (Hald, 1954; Rajagopal, 1959), are given in 
Fig. 1. The 15-85 per cent. range of the ordinates (y between + 1) is quite 
linear; the apparent derivations beyond the 85 per cent. level are due to the 
distortions inherent in the fractile plots, as discussed by Hald and Raja- 
gopal. In fact, all the emulsions studied by us followed the lognormal distri- 
bution quite well. The parameters /né and o of the lognormal frequency dis- 
tribution 


xov/ 2 
are evaluated from these fractile plots as: 
Emulsion I: Iné = 1-27; o = 0:44. 
Emulsion II: Ing = 0-61; o = 0-66. 


The lognormal frequency functions for these values are given in Fig. 2, 
together with the corresponding experimental histograms. 


It is seen that the handshaken emulsion has a broad maximum at a 
large size (@m ~ 2:9), while Emulsion II has a sharp maximum at a small 
particle size (ay, ~ 1-2). The colloid mills also produce such fine particles. 
The ultrasonically prepared emulsions are quite similar to those produced 
in such homogenisers as far as the particle sizes are concerned. 
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This method of analysing the particle size distributions is applied to 
investigate the variation of the particle sizes with the time of irradiation. 
As usual 2 c.c. of kerosene and 2 ¢.c. of a 1 per cent. aqueous sodium oleate 
solution are irradiated at E = 120 ergs/c.c. for various lengths of time. The 
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Fic. 1. Fractile Diagram for Emulsion I (handshaken; broken line) and for Emulsion II 
(ultrasonic irradiation of D.D.T. solution; continuous line). 


Fic. 2. Particle size distribution for emulsion prepared by handshaking (I: broken line) 
and by ultrasonic irradiation (II: continuous line). 
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TABLE I 


Variation of particle size with the time of ultrasonic irradiation 


Time 


minutes Hand- 
_Class \ 10 15 20 30 40 75 shaken’ D.D.T. 
interval 
41-00 32-89 21-78 17-59 5:34 0-8C 16-31 
l- 2 32:49 27-82 26-12 33-64 31-48 22-05 9-95 41-71 
2- 3 20-74 14-62 17-10 18-93 25-86 27:06 19-76 19-86 
3- 4 5-50 6:75 9-87 12:56 14:54 19-62 30°10 16-08 
4-5 2°65 4:29 6:30 7:47 5-51 13-33 18-68 4-55 
5- 6 1-38 2:25 2:/3 2-77 2:38 6:09 8-60 2°77 
6- 7 0-95 1-33 1-41 1°15 41-15 2-98 6-32 1-78 
7- 8 0:74 0-82 1:03 0-69 0-49 1-69 3-63 1-50 
8- 9 0-63 O-51 0-85 0:38 O-41 0-88 1-75 0-59 
9-10 0-53 Q:31 0-75 0-23 0-32 0°47 0-13 0-38 
0-74 0-29 0-75 0-31 0-32 0-41, 0-26 0-38 
>15 0-19 0-08... 0-14 
Total No. 945 978 1,064 1,299 1,217 1,478 744 1,012 
Iné 0-35 0-25 0:46 0-55 0:64 1-00 1-27 0-61 
o 0-74 0-87 0-88 0-76 0-64 0-55 0-44 0-66 
Qn 0-82 0-60 0-73 0-97 1:26 2-01 2-93 1-19 


data are given in Table I and the nature of the variation of the frequency 
distribution is best understood from Fig. 3, based on the values of né and 
o. The distributions show the general feature that the mode am is shifted 
to the larger size of the particles and the distribution gets broader as ¢ is 
increased. The peak value of the maxima decreases. This behaviour was 
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found by Bondy and Sollner (1936) also, and is easily understood on con- 


sidering the mutual collisions of the emulsified droplets. 


Fic. 3. Particle size distributions after 15, 40 and 75 minutes of irradiation. 


The quantitative analysis of the data can be made by considering the 
variations of /né and o as is done in Fig. 4. Apart from the usual statistical 
and experimental scatter in the data, the value of /né increases showing that 
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Fic. 4. Variation of a», /né and o with the time of irradiation. 
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the particles are getting larger. o decreases but still the distribution gets 
broader on account of the rapid increase of dm. If one defines a width as 
the difference between two values of the sizes where the ordinate has a value 
1/1-6487 (= e+) times that value at the mode, then this width is 2am sinho. 
The increase in a, dominates over the small decrease in co. 


As stated earlier, the present note confirms quantitatively the conclusions 
that the ultrasonically prepared emulsions are similar in particle sizes to the 
emulsions produced in colloidal mills, and that the effect of prolonged ultra- 
sonic irradiation is to coarsen the particle sizes. As has been pointed out 
by Sollner, the increase in the sizes of the particles is due to the mutual colli- 
sions among the particles, the presence of the dispersion factor at the high 
energies preventing complete coalescence and demulsification. It has been 
shown by Berkman and Egloff (1941, Chapter III) that the small rises in 
temperature of the order observed in the present measurements, namely, 
from ~ 30° C. to ~ 40-50° C., does not cause any significant change in the 
stabilization and coagulation mechanisms in oil/water type emulsions. The 
temperature effect becomes prominent when the temperature rises above 
~ 60-70° C. In ultrasonic irradiation, the temperature rises from ~ 30° C. 
to ~ 45°C. in about 10 minutes and remains steady thereafter due to the 
equilibrium with the heat loss from the surrounding oil-bath. 


In any case, the resultant phenomenological variations in the particle 
sizes are similar to those given by the well-known Smoluchowsky theory 
(1917), especially when modified to take into account the distribution of 
sizes (Rajagopal et al., to be published). But a quantitative comparison is 
not possible since the dispersion of the emulsified droplets is not envisaged 
there. For example, in the Smoluchowsky theory the average volume of 
a particle (proportional to (x*),,) should increase linearly with time 
(Lawrence and Mills, 1953). But in the present case (x*),, shows only 
some fluctuations about a steady value. Since the concentration of the 
emulsion is also stationary, the number of particles per c.c. is maintained 
constant, unlike in the Smoluchowsky theory where it varies as 


Ne 
N, (+ 
4. SUMMARY 


The sizes of the particles formed in ultrasonic emulsification are studied 
and are shown to be of the same order (~ 1 ») as those obtained in colloid 
mills. The effect of continued irradiation is to increase the mean size of 
the particles and to broaden the size distribution. The results are quanti- 
tatively analysed in terms of the lognormal particle size distribution. 
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Note added in Proof 


The following papers, which have become available to the author only 
now, treat some aspects of the present work. Levius et al. (1953) showed 
that below 60° C. temperature has little effect on the stability conditions of 
emuisions. Antonevich (1959) and Audouin et al. (1954) have studied the 
mean particle sizes for several emulsions under ultrasonic irradiation. Beal 
and Skauen (1955) have followed the change in the mean volume of the drop- 
lets under continued ultrasonic irradiation. They, too, have found little 
temperature effect. The quantitative conclusions of the present paper are 
supported by these observations. 
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INTRODUCTION 


THE structure analysis of some amino acids in the form of their hydrohalides 
was undertaken as a part of the work in this laboratory on the structure of 
proteins. The isomorphous pair L-tyrosine hydrobromide and L-tyrosine 
hydrochloride was chosen with a view to apply the Difference—Patterson 
(D-P) technique which has recently been shown by Kartha and Rama- 
chandran (1955) to be of much use in structure analysis. These authors have 
shown that the technique works well in the rather simple case of pththalo- 
cyanines. Its success on a more complicated but known structure has also 
been demonstrated (Sasisekharan, 1956). The author has now applied it 
to solve the structure of the two L-tyrosine compounds. A preliminary 
report on the structure of L-tyrosine hydrobromide has already been pub- 
lished (Srinivasan, 1958) and the details of the investigations are presented 
here. 


EXPERIMENTAL 


The hydrobromide of L-tyrosine, CyH,,O;N (Fig. 1) is isomorphous 
with the hydrochloride and they belong to the monoclinic system with the 
space group P2,. The crystallographic data for these compounds have 
already been reported (Srinivasan, 1956). The unit cell dimensions have 
been redetermined more accurately using the Buerger precession camera and 


the values are given below. They will differ slightly from those reported 
earlier. 


a(A) c (A) BC) V(A) Z 


L-tyrosine 11-38 9-12 5+175 91-2 537-0 
hydrobromide 

L-tyrosine 11-07 9-03 5-090 91-8 508-6 2 
hydrochloride 
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The calculated and observed densities are respectively 1-619 and 
1-640 g./cm.* for the hydrobromide and 1-421 and 1-42 g./cm.* for the hydro- 


COOH. 
(2) 


(6) 


Fic. 1. (a) Chemical formula and (4) the view along the c-axis of L-tyrosine. 


chloride. Photographs for intensity estimation were taken using the multiple 
film technique with a pack of five films. The intensities were estimated 
visually by comparison with a set of standard spots. They were placed on 
an absolute scale by Wilson’s method and later on by comparing 2 |Fo| 


with 2 |F,|. The crystals were made thin and’ almost cylindrical. The | 


absorption factors (u,) were less than 0-5 for both the compounds. How- 
ever, correction for absorption was made using the table of Bradley (1935). 


The coefficient B in the isotropic temperature factor exp (— B sin? 6/A?) 
was found to be 2-50 A? for the hydrobromide and 2-35 A? for the hydro- 
chloride. The atomic scattering factor curves of Pauling and Sherman (1932) 
were used in the early stages of calculations but were soon changed on to 
those of Viervoll and Ogrim (1949). The change in the set of scattering factor 
curves was found to leave the calculations practically unaffected. 


For the hydrobromide, the total number of reflexions theoretically 
accessible using CuK a radiation, was 149 in the [001] zone and 152 in the 
[010] zone while the numbers experimentally accessible on the photographs 
were respectively 146 and 147. Of these, 7 in the [001] zone and 20 in the 
[010] zone were observed to have zero intensity. 
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DETERMINATION OF THE STRUCTURE 
APPLICATION OF THE D-P METHOD TO THE c-AXIS PROJECTION 


The needle axis being the shortest, it was thought that there would be 
good resolution in that projection and accordingly Patterson syntheses pro- 
jected down the c-axis were computed independently for the two compounds. 
As expected, the two syntheses (Fig. 2) resembled each other closely. The 
heavy atom (halogen-halogen) interactions could be easily identified in both 
cases. The D-P (Fig. 3) was now obtained by subtracting the Patterson of 
the hydrochloride from that of the hydrobromide. Of course, the D-P 
could have been obtained by performing a single synthesis with (lys,-lyc) 
as coefficients. But computing the individual Patterson functions has got 
some advantages. For instance, the general nature of the peaks in the two 
syntheses could be compared with each other. Secondly, the correctness of 
the scaling could be checked by comparing the heavy atom peak values in 
the two compounds, since the ratio of the peaks of the heavy atom inter- 
actions would be as the ratio of the squares of the atomic numbers of the 


atoms concerned, provided, of course, there is no overlap near these peaks 
in the Patterson. 


Since there are two replaceable atoms in the unit cell, there will be, in 
all, four peaks corresponding to the replaceable atom interactions, out of 
which two coincide with the origin. The remaining two are marked | and 2 
in Fig. 2. Now, the D-P will contain, on the whole, 2 p images, p being the 
number of replaceable atoms in the unit cell (Kartha and Ramachandran, 
1955). Hence in our case these will be, in all, four images. In order to 
extract the structure from the D-P, the method of superposition (Buerger, 
1951) could be employed. For this purpose, either of the heavy atom vectors 
(0-1), (0-2) of Fig. 3 could be used. However, since the projection is non- 
centrosymmetric, the structure extracted from the D-P would be duplicated 
by inversion about the point of inversion of the heavy atoms. This is because 
there are only two replaceable atoms in the unit cell and these two are auto- 
matically related by a centre of inversion mid-way between them, though the 
projection as a whole is non-centrosymmetric. The duplication of the struc- 
ture can be resolved from bond length and stereochemical considerations. 


The actual procedure adopted was as follows. Two maps of the D-P 
were prepared on transparent sheets. One of them was kept fixed while 
the origin of the other was placed on (2) of Fig. 3, and coincident peaks were 
marked out. So also the centre of the heavy atom vector used for trans- 
lation [in our case (0-2)] was marked O, (Fig. 3). Since the extracted 
points of coincidence should contain peaks corresponding to the real 
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Fic. 2. c-axis Patterson projection of (a) L-tyrosine HBr and (6) L-tyrosine HCl. Contours 
are at arbitrary intervals. The peaks due to halogen-halogen vectors ‘have been marked 1 and 2, 
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structure and also those in its inverse about this point, the peaks which were 
related by inversion about this point were all paired together. Now a model 
of the molecule was prepared and was adjusted such that its projection fitted 
into the extracted points of coincidence from the D-P, bearing in mind that 
the choice of any peak automatically disallows the choice of the correspond- 
ing inverse peak. In other words, only one of the two peaks in each pair 
is allowed to be considered at a time. The fitting in of the molecular model 
was not difficult and a fairly satisfactory arrangement was soon arrived at. 
The positions of the atoms were now marked along with their inverses about 


3 Fic. 3. The c-axis Difference-Patterson of L-tyrosine HBr and L-tyrosine HCl. Contours 
are at arbitrary intervals. The molecule and its inverse (broken line) are shown. 


O,. The molecule and its inverse thus plotted are shown in the D-P (Fig. 3). 
However, the co-ordinates of the atoms marked in the above figure belong to 
a later stage of refinement but are not very much different from those fixed 
up initially from the D-P. 


To avoid confusion, the origin of the final atomic co-ordinates (which 
is the same as the origin of the Fourier syntheses and has been assumed to 
be mid-way between the two bromine atoms) is marked O, in diagrams 
wherever possible and should not be confused with the origin O of the parti- 
cular diagram, 
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THE b-AxiIS PROJECTION AND THE MINIMUM FUNCTION 


The Patterson synthesis for this centrosymmetric projection was first 
computed (Fig. 4a) for the hydrobromide. The data for the corresponding 
zone of the hydrochloride were not ready at this stage due to some experi- 
mental difficulty. Meanwhile, it was thought that even the ordinary Patter- 
son synthesis of this b-axis projection for the hydrobromide compound would 
be able to throw some light on the structure proposed from the D-P of the 
other projection. The reasons for this were mainly two. Firstly, bromine 
being quite heavy, the interpretation of the Patterson might not be very diffi- 
cult. In fact, one important feature noticed in the previous c-axis projection 
was that the D-P resembled more the Patterson of the hydrobromide than 
that of the hydrochloride. This is obviously due to the fact that bromine is 
much heavier than chlorine. Secondly, since this b-axis projection is centro- 
symmetric, a single translation (using either of the heavy atom vectors) and 
superposition would be sufficient to give the structure. Of course the same 
procedure could have been applied more effectively on the D-P of this pro- 
jection. 


The heavy atom vector (0-1) of Fig. 4 was chosen for translation and 
superposition. The points of coincidence were marked as was done in the 
previous case. These extracted points should actually contain the com- 
plete structure. The molecular model was again used and the fitting of the 
model was quite easily done. Thus, it yielded the structure approximately 
and the arrangement agreed with the structure deduced from the other pro- 
jection. The co-ordinates of the atoms in the, two projections were then 
obtained with the help of the model. 


However, before proceeding to calculate the structure factors with these 
trial co-ordinates, a study of the minimum function for this projection was 
thought worthwhile, since it would confirm the correctness of the structure 
more decidedly. The vector used for translation was again (0-1) of Fig. 4. 
This one translation should be sufficient to give the structure as the projection 
was centrosymmetric. The minimum function plot thus obtained (Fig. 4 5) 
was exceedingly good as will be evident from its striking similarity to the 
final Fourier synthesis (Fig. 55). The origin of the minimum function 
(Fig. 4 b) is the mid-point of the vector (0-1) of Fig. 4a. To see the relations 
more clearly the origin of the Fourier is marked O, in Fig. 45. The origin 
O of the minimum function and O,; would have been identical if the vector 
(0-2) had been used for translation instead of (0-1) which was the one actually 
used. 
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The positions of the two molecules with co-ordinates corresponding to 
a later stage of refinement are also marked in Fig. 46. Excepting for the 
group C,, Cy, O, in which the atoms overlap, the positions of the other atoms 
could be easily fixed up. The co-ordinates thus obtained agreed well with 
those fixed up from the simple superposition and coincidence method. These 


Fic. 4. (a) The b-axis Patterson projection of L-tyrosine HBr. The peaks due to Br-Br 
vectors are marked 1 and 2. (6) The minimum function for Fig. 4 (a) using the vector (0-1). 


approximate values of x, y and z were used to calculate the first set of struc- 
ture factors for both zones. The value of the reliability index was found 
to be 33 per cent. for the AkO and 31 per cent. for the A0/ reflexions. 


REFINEMENT OF THE STRUCTURE 


The refinement of the structure proceeded both by the Fourier and least 
squares techniques. The centrosymmetric b-axis projection was first taken 
up for refinement. Most of the structure factors could be assigned their 
signs using the first set of calculated structure factors. It was found later 
that about 80 per cent. of the signs assigned initially in this manner were 
correct, This, of course, is due to the predominant contribution of bromine. 
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A Fourier synthesis was calculated and it proved to be quite good. The 
x, z co-ordinates derived from this Fourier were used to calculate the new 
set of structure factors and the R value dropped from 31-0 to 20-0 per cent. 


The first Fourier for the non-centrosymmetric c-axis projection was 
similarly computed using the phases from the first set of calculated structure 
factors. The new x, y co-ordinates obtained from this Fourier were used 
to calculate the structure factors F (hkO) and the R value dropped from 
33-0 to 22-9 per cent. 


REFINEMENT OF THE 5-AXIS PROJECTION 


The R value at this stage indicated that the co-ordinates should be fairly 
accurate so that some systematic method of refinement could be attempted. 
The methods of least squares and difference Fourier synthesis were used for 
this purpose. 


It can be shown that, when the atoms are fairly well resolved and the 
axes are orthogonal, the off-diagonal terms in the normal equations of the 
least squares technique can be neglected and the formula for refinement 
reduces to 


Fe 


ZW? (Fo Fe) 


Zw? =) 


(1) 


where the various quantities have their usual meaning. In using the above 
formula for refinement, the following precautions were taken. 


(1) Strong reflexions, suspected for effects of extinction were given 
zero weight. 


(2) All reflexions with |F, |= 0 were given zero weight. 


(3) The low angle reflexions (sin 9 < 0-4) were not used in the calcula- 
tions since the hydrogens, which were not included in the calculation of the 
structure factors, would contribute to the reflexions in this low angle region. 
However, these reflexions were included at a later stage when the hydrogen 
contributions were also taken into account. 


4. All reflexions for which the calculated structure factors were small, 
which indicated that their signs were likely to change, were not included. 


5. All the other reflexions were given unit weight in the above formula. 


Till now, only an isotropic temperature factor, exp. (—B sin?6/A?) with 
B= 2-5 A® had been applied to the calculated structure factors. Now, 
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Fic. 5. Final Fourier projection of L-tyrosine HBr projected along (a) the c-axis and 
(6) the b-axis, 
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strictly speaking, anisotropic thermal parameters have to be assumed for 
each atom. However, only an overall anisotropic factor applicable to a 
particular reflexion hkl was assumed. The reasons for this were mainly two. 
Firstly the determination of individual anisotropic thermal parameters 
demands an abundance of experimental data which could be had only if three- 
dimensional data are collected. It is therefore meaningless, unless the number 
of parameters is small, to attempt to refine individual thermal parameters 
from two-dimensional data. Secondly, the deviation from isotropy of the 
overall parameter was not large so that its variation from atom to atom 


was not likely to matter much. The maximum change from isotropy was 
only about 15 per cent. 


Now, for a monoclinic crystal, the overall anisotropic temperature 
factor takes the form exp—(B,,h? + Bzk? + + B,,h/). We can there- 


fore write, 

Fe (hkl) = Fe’ (hkl) exp—(Byh*® + + + Bish!) 
where F,’ is the calculated structure factor not corrected for temperature 
effect. In order to refine B,,, B,3, etc., their initial values were obtained 
from the isotropic value of B = 2-5 A? by the following relation 

2-5 sin?é 


exp— 


= exp— fs {h?a*? + k*b*? + Pc*® + 2hla*c* cos B*} 
== exp—(B,,h? B..k? + Bg3/? + B,3h/) (3) 


Equating the coefficients of similar terms, the values of B,,, B,3, etc., were 
found to be Bu 0-0048, Bas 0-0077, => 0-0210 and Bis = 0-0011. 
The refined parameters are listed in Table I. 


TABLE I 


L-tyrosine hydrobromide: Overall anisotropic thermal parameters 
obtained by the method of least squares 


A 2 
Zone = 
Bu Bop Bis 
[001] 0-0042 0-0084 
[010] 0-0040 0-0279 —0-0006 
Value from iso- 0-0040 0-0077 0-0240 0-0011 


tropic B= 2:5 A? 
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The co-ordinates obtained from the first cycle of least squares refinement 
were used in the calculation of structure factors and the R-value improved 
from 20 to 15-3 per cent. A second cycle of refinement was then carried out 
and it resulted in an R value of 14-6 per cent. 


Since the R value seemed to be converging quite well, it was thought 
that it would be better to include the hydrogen contributions at this stage. 
A model was used to locate approximately the positions of the hydrogen 
atoms. When these were included in the structure factor calculations, the 
R value improved slightly from 14-6 to 14-0 per cent. 


Till now, the overlapping group of atoms had not been subjected to 
least squares refinement. The x co-ordinates of these atoms had been taken 
over from the c-axis projection, where these atoms are fairly well resolved. 
The z co-ordinates, on the other hand, had been fixed up only from bond 
length considerations. It was now thought necessary to subject the over- 
lapping group to least squares refinement. However, before doing this, it 
was decided to compute a difference Fourier synthesis for this projection. 


This would, first of all, indicate if there was any serious anomaly in the 
region of the overlapping group of atoms. Secondly, since the structure 
factors which did not include the hydrogen contributions were used in the 
synthesis, it was hoped that the map might indicate hydrogen positions also. 
As expected, the map was quite helpful. It indicated quite a considerable 
shift for the oxygen O, in the overlapping group. Again, though faint peaks 
were discernible at assumed positions of hydrogens there were also present 
other spurious peaks. The slopes at some of the light atom positions had 
not vanished. The difference map itself was now used to get the shifts in 
the co-ordinates of various atoms. The formula used to obtain the shifts 
was 


(4) 


The usual approximation for spherically symmetric atoms, namely, 
(0%p9/dx*) = 2ppp was made. The above approximation results if we 
assume spherical symmetry of the atoms, given by p(r) = pp exp—pr® where 
p(r) is the electron density at a distance r from the peak, pp the peak value 
of the electron density and p is a constant. The values of p for different 
atoms were obtained by drawing a graph of log p(r) against r2. A number 
of well resolved peaks were chosen and the average values of p thus obtained 
were 3-3, 3-7, 4-1 and 5-0 respectively for C, N, O and Br. 
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Use of the new set of co-ordinates was found to improve slightly the 
value of R, namely, from 14-0 to 13-8 per cent. This showed that the process 
had practically converged. However, before stopping the refinement of 
this projection a cycle of least squares refinement of the overlapping group 
of atoms Cy, was carried out. 


It was now assumed that the interactions of these three atoms alone 
were large so that there would be only six normal equations with six un- 
knowns, namely, 4 x and 4 z of the three atoms C,, Cy and O,. For con- 
venience, calling these six unknowns a3 X,, X2, ........ Xg Where, 


X1=(42)c,, X2=(42)c,, X3 = (4 Z)o2 
=(4X)c,, (4 X)o, 
we get the normal equations 


Mg = + + + (5) 
Here 
) ‘ 
m; = (Fo— Fe) ©) 
and 


=) . 
=) 
The coefficients aj; were calculated and the sixth order simultaneous equa- 
tions were set up. Now, the solution of a set of simultaneous equations 
of the above type, where the diagonal terms are large compared with the 
non-diagonal ones, could be obtained easily by the iterative method of Gauss- 


Seidel (Whittaker and Robinson, 1945). When the above method was 


employed the process converged rapidly in about six cycles. The values 
(fractional units) obtained were as follows: 


= +0-0016 x,=—0-0018 x;= + 0-0078 
+0:0036 x;= —0-0060 x, = — 0-0063 
The new set of co-ordinates gave an almost stationary R value of 13-8 per 


cent. This indicated that the refinement process for this projection could be 
taken to have completely converged. 


| 
« 
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REFINEMENT OF THE c-AXIS PROJECTION 


Before starting to refine this projection, it was thought worthwhile to 
obtain a set of more accurate y co-ordinates from bond length considera- 
tions, since a fairly well refined values of x and z co-ordinates were available 
from the other projection. The y co-ordinates thus fixed up were used along 
with the refined x co-ordinates of the other projection in the calculation of 
the structure factors for the hk0 reflexions. The R value was found to change 
from 22-9 to 19-9 per cent. 


The refinement of non-centrosymmetric structure by the least squares 
method has been recently investigated (Srinivasan, 1958 a). It can be shown 
that for the space group P 2,, the formula (1) for the refinement of y co-ordi- 
nate from the [001] projection takes the form 


Wek | | Fo | Fe (BA; — AB,) 


Ay, = 
4n W2k2 = (8) 
Fg 


where, for k even, 
A=22 fi cos 2aky; cos 2nhx; = 2 Ay 
é 
B=22 fj sin 27ky; cos = 2 B; (9) 
é 4 


and for k odd, 
= —22 fi sin 2xky; sin = — 2D Aj 
i 


ficos sin 2thx; = 2 B; 
4 4 


The equation (8) is quite easy to handle since the quantities A, B, Aj, B; 
would have already been computed during structure factor calculations. 
On applying this first cycle of least squares refinement, the R value did not 
improve much and was still 19-6 per cent. 


One striking fact was then noticed, namely, that the C, — N distance 
was abnormally large (1-7 A) even after the above refinement. This was 
probably because the real shift in the co-ordinate might be large, which the 
least squares refinement was not able to reveal. A difference Fourier syn- 
thesis was therefore performed. It gave really a large shift (about 0-6 A) 
in the y co-ordinate of nitrogen. It should be pointed out that, in a non- 
centrosymmetric Fourier synthesis, peaks are invariably obtained near the 
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assumed positions of the atoms (even if they are wrong) and this is because 
the phase angles are calculated from the assumed structure. 


Although peaks appear at the assumed positions of the atoms, faint 
peaks would also be discernible at the real positions. This was actually found 
later to be true for the above nitrogen atom, by referring to the first Fourier 
synthesis. However, the faint peak at the real position of nitrogen had been 
wrongly disposed off as being spurious. The difference Fourier proved to 
be of immense help in this respect. It showed the wrong placing of the nitro- 
gen atom by a large negative peak at the assumed incorrect position. 


The structure factors were calculated with the new co-ordinates of nitro- 
gen and the R value dropped from 19-6 to 17-7 per cent. 


Till now, only an isotropic temperature factor with B = 2-5 A? had 
been used for this projection. It was now decided to refine these thermal 
parameters also, along with the y co-ordinates. The value of B,, obtained 
by the above refinement agreed fairly well with that from the other projection 
(Table I). The calculation of the new set of structure factors gave an R value 
of 15-6 per cent. 


CORRECTION FOR EXTINCTION EFFECTS 


It might be remembered that, in the refinement of parameters, reflexions 
with large intensities were not considered because of suspected extinction 
effects. The presence of these seemed to be chiefly responsible for an 
apparently large R value. Correction for this was made as follows. 


It can be shown (Srinivasan, 1958 5) that the effect of both primary and 


secondary extinctions can be represented by the following formula, as a 
first order approximation: 


I,’ (ai + GI,) (10) 
Here 


(1+ cos? 20 , _ (1 + cos? 24) 
lo’ = "Sin Fo = — | Fr 


and | Fy | is the observed structure amplitude | F, | its ‘real’ value and G 
a constant depending on the texture of the crystal. It has also been assumed 
in (10) that the scale factor is unity and that the intensities have been cor- 
tected for absorption effect. This result has been pointed out by Chandra- 
sekharan (1956) and also the above equation (10) is implicit in the relations 
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obtained by Chandrasekhar (1956). It is clear that when the refinement is 
at an advanced stage we can replace I,’ by I,’ so that (10) takes the form 


I,’ 
The above formula (11) suggests a simple method of correction. If 
we plot a graph of 1/1,’ against 1/I,’ a straight line will be obtained with the 
intercept as G which can be read off. The measured value of G can now be 
used to correct the observed intensities to give the real values. 


This method of correction was applied to both the zones [001] and 
[010] and the values of G obtained were respectively 0-6 x 10-* and 0-4 x 10~. 
These reflexions have been marked with an asterisk in the final table of struc- 
ture factors (Tables V and VI). The R values improved considerably for 
both the zones. Its value came down from 15-6 to 13-3 per cent. for the 
hkO and from 14-3 to 13-2 per cent. for the hO/ reflexions. When hydrogen 
contributions are included the values are respectively Ry (AkO) = 13-2 per 
cent. and Ry (A0/) = 12-7 per cent. (H denotes the inclusion of hydrogens). 


CORRECTION FOR ANOMALOUS SCATTERING OF BROMINE 


Now it was of some interest to see how the anomalous scattering of 
bromine affected the calculations. In recent times the point has been stressed 
(Templeton, 1955) that even for wavelengths well removed from the absorp- 
tion edge of an atom, the contribution by the anomalous scattering to the 
real part of the atomic scattering factor is quite considerable. The resultant 
scattering factor f can be put in the form 


f=fo+ (12) 


where fj is the normal value, 4f’ and 4f” are the real and imaginary parts 
of the anomalous contribution. For Cu Ka radiation the values of 4f’ and 
Af" for bromine are — 0-9 and + 1-5 respectively (Dauben and Templetoa, 
1955). Since only (4f")? enters into the calculations the variation intro- 
duced thereby can be neglected in calculating the structure factors. The 
value of 4f’ however, enters linearly and cannot be neglected. Now 4f’ 
is almost independent of 9 (James, 1948) and therefore the same value of 
Af’ = — 0-9 was used for all reflexions. When this correction was made, 
the values of reliability indices obtained were R (AkO) = 12-8 per cent. and 
R(hA0l) = 12-4 per cent. With hydrogens these values were respectively 
Ry (Ak0) = 12-7 per cent. and Ry (A0/) = 12-2 per cent. 
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FINAL REFINEMENTS 


A difference Fourier synthesis for the [001] projection was now com- 
puted using structure factors without hydrogen contribution. The fact that 
the R value remained practically unchanged even after including hydrogen 
contributions, was an indication that the difference map would not show 
up the hydrogen peaks. This was actually found to be true. 


Though the difference map showed faint maxima at some of the expected 
positions of hydrogen atoms, it also contained some spurious peaks the 
largest of which was of the order of 0-8 e/A?. Moreover there was also a 
fairly large slope at the position of O, and the shift indicated in the y co-ordi- 
nate was quite large (~0-2 A). But the surprising fact was that the change 
in the co-ordinate of oxygen practically left the R value unchanged. How- 
ever, since the shifts given by the difference map in the y co-ordinate was con- 
siderable it was thought necessary to see whether it had converged. The map 
had also given an appreciable shift in the y co-ordinate of nitrogen, though 
it was much less than that of O;. These two atoms alone were now subjected 
to least squares refinement in their y co-ordinates. The shifts obtained were 
now quite small and therefore the refinement was assumed to have converged. 
The final set of accepted co-ordinates is given in Table II. 


The structure factors calculated for these co-ordinates and the observed 
structure amplitudes are given in Tables V and VI. The final R values are: 
R (hkO) = 12-6 per cent., R(hOl) = 12-4 per cent., R,, (hkO) = 12-8 per 
cent., Ry (hOl) = 12-2 per cent. When | F,| =0 are omitted the values 
are R (AKO) = 10-5 per cent., R (A0/) = 10-9 per cent., Ry (kO) = 10-7 per- 
cent. and Ry (A0/) = 10-7 per cent. 


ACCURACY OF THE STRUCTURE 


The standard deviations in the various co-ordinates were determined 
using the least squares formula 


2 W? (Fo — Fe)? 


(m — n) 
(x) = (13) 
=Ww? 


where o is the standard deviation, m is the total number of independent 
observed structure amplitudes and nm the number of unknown parameters. 
The values obtained for the three directions x, y and z for any particular 
atom were almost the same so that an average value for each atom can be 
used without introducing any serious error. These average values are 
= 0-036, o (N) = 0-030, o(O)=0-023 and (Br) = 0-0065. 


A4 
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TABLE II 


Final accepted co-ordinates in L-tyrosine hydrobromide 


Atom x/a ylb x(A) y(A) z(A) 
Cc, 0-093 0-025 0-361 1-06 0-23 1-87 
C, 0-080 0-129 0-151 0-91 1-18 0-78 
C; 0-972 0-130 0-020 11-09 1-18 0-10 
C, 0-880 0-028 0-084 10-04 0-26 0-44 
C; 0-902 0-932 0-302 10-29 8-49 1-56 
C, 0-005 0-928 0-432 0-07 8-45 2°23 
om 0-760 0-033 0-938 8-67 0-30 4-85 
Cc, 0-660 0-086 0-090 7°53 0-78 0-47 
Cy 0-675 0-247 0-170 7-70 2:23 0-88 
O; 0-195 0-028 0-518 2-22 0-26 2:68 
oO, 0-643 0-343 0-010 7-34 3-13 0-05 
O; 0-738 0-274 0-372 8-42 2-50 1-92 
N 0-550 0-067 0-940 6-28 0-61 4-86 
Br 0-4123 0-2500 0-4368 4-70 2-28 2-26 


Using these values the standard deviation in the various bonds can be found 
by the formula v (/) = v (A) + v(B) where / is the distance between A and B, 
and v is the variance defined as the square of the standard deviation. The 
values obtained for the standard deviation are C—C=0-05A, C—N 
= 0-047 A, C—O = 0-045 A and O-O = 0:034A. If 4, i and J, are 
the three sides of a triangle and @ the angle contained by /, and /, then it can 


be shown (Srinivasan, 1958 5) that 


+ 13? v 


[71,2 sin20 {(/, — |, cos 9)? v + (4 — I, cos 8)? v (/,) 
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Using the above formula, o (@) of a typical bond angle in the benzene ring is 
found to be 3°30’. The standard deviation in electron density is about 
0-3 e/A®. 


The rather large values of standard errors in the various quantities with 
quite a low value of R (~ 12 per cent.) seem to be rather surprising initially. 
However, the apparent low value of R is primarily to be ascribed to the pre- 
sence of the heavy atom bromine. Thus o (Br) is as low as 0-006 A while 
that of the light atom is not small. 


DISCUSSION OF THE STRUCTURE 


The interatomic distances and bond angles are given in Table III. The 
intermolecular distances including hydrogen bonds are listed in Table IV. 
Figure 6 contains the various bond lengths and angles observed in the mole- 
cule. The intermolecular packing arrangements can be seen in Fig. 7 a and 


Fic. 6. Observed values of (a) bond lengths and (5) bond angles in L-tyrosine HBr. 


7b, which give unit cell of the structure with a few additional molecules in 
the surrounding cell projected down the c- and b-axes respectively. In the 
above figures, the two molecules in the unit cell have been designated M and 
M’ and the others obtained by unit translation along different directions are 
indicated by the corresponding indices like Mio9, Mj, etc. For convenience, 
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the origin of the co-ordinates listed in Table II is marked O, in the diagrams. 
In the discussion that follows, the letter in the brackets next to an atom or 
group indicates to which molecule the atom or group belongs. The bro- 
mines are designated separately as Br, Br’, Bryg;, etc. 


TABLE III 


Inter-atomic distances and bond angles in L-tyrosine hydrobromide 


Angle 


Bond 1(A) 


Atoms 
() 
C,-C, 1 45 C,-C,-C, 1 17 18 
: C.-C, 1 40 C,-C,-C, 128 06 
C,-C, 1 44 C,-C,-C; 1 1 5 30 
C,-C, 1 45 C,-C,-C, 122 20 
C;-C, 1 ‘i 37 C,-C,-C, 1 17 30 
C,-C, 1 39 C,-C,-C, 122 14 
1-57 120 00 
C.-C, 1 O,-C,-C, 1 16 33 
C.-C, 1-55 C,-C,-C, 120 26 
C,-0, 1-42 C,-C,-C, 121 54 | 
C,-O. 1: 26 C,-C,-C, 115 57 
C,-0, 1-29 CC,-C, 110 42 
C,-N 1:49 108 06 
N-C,-C, 109 03 
C,-C,-O, 115 50 
0,-C,-O; 126 09 
F 
gen be 
Ab 
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(b) 


oz0 


OV8eo 


Fic. 7. Unit cell of L-tyrosine HBr projected down (a) the c-axis and (b) the eer Hydro- 
gen bonds are shown by broken lines. 
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TABLE IV 


Intermolecular distances, including hydrogen bonds and 
bond angles in L-tyrosine hydrobromide 


Hydrogen Bonds 
Br’ 3-46 (A) 
Br’ oo: 3-46 
O.(Min) 3-01 
0005 O, (M) 2°50 
Br 3-23 

Hydrogen Bond Angles 
(M’)-Br'o0; 136° 
C,-N (M’)-Br’ 102 
(M’)-O; (Mii) 130 
C,-O; (M")-O, (M) 112 
C,-O, (M)-Br 132 

Short Contacts 

Br—Cy (Moo) 3°30(A) 
N (M’)-Broo: 3-50 
Br-O, (Mio) oo 3°55 
(Moo) ee 3°74 
Cy (M)-C; (M) 3°64 
(M)-O; (M) 3°49 


INTRAMOLECULAR FEATURES 


Table III shows that all the bond lengths in the benzene ring are quite 
normal the values ranging from 1-37 to 1-45 A with an average of 1-42 A. 
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TABLE V 
Observed and calculated structure factors for the h0l reflections mie 
of L-tyrosine hydrobromide a 
hkl F, F, hkl F, F, 
100 *26:0 —25:5 7 23-0 —19-0 
20 0 22-0 17°5 8 0 1 0-0 — 0-2 
3 0 0 21-0 20-8 90 1 22-0 26:9 
40 0 28-0 —29°5 10 0 1 —30°4 
5 0 0 32-0 32:3 11 0 1 16-0 13-4 
6 0 0 39-0 —38°5 12 0 1 13-0 —10-3 
700 19-0 14-3 1 6-0 6:1 
8 0 0 7-0 — 3+3 14 0 1 0-0 — 0:3 
900 9-0 8-7 
002 *66-0 63-7 
10 0 O 18-0 15-8 
20-0 —17:1 
11 0 0 12-0 — 71 
22-0 —21-2 
12 0 0 22-0 20-2 
3 02 42-0 44-0 
13 0 0 12-0 —11-8 
402 20-0 —19-9 
14 0 0 0-0 — 2:7 
22-0 25-7 
001 24-0 602 
101 25-0 29+3 4:0 4°5 
z@ 1 0-0 — 0-4 $@ 2 12-0 11-5 
19-0 —13-9 9 02 19-0 —13-7 
401 33-0 —30°9 10 0 2 24-0 21-0 
1 *62-0 —62°8 @2 11-0 — 7:8 
te 60 1 32:4 @ 2 


4:0 2-4 
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TABLE V—(Contd.) 


h 
hkl F, F, hkl F, F, 
4 
130 2 0-0 0-0 90 4 16-0 —11°6 
5 
5-0 5:5 7 
2 0 3 21-0 22:4 Bes 13-0 8 
5 0 3 31-0 —31-7 405 13-0 11°8 1 
7 0 3 10-0 10-0 
9 0 3 18-0 20-4 8 0 5 10-0 —10-0 
( 
10 0 3 17-0 17:8 
ll 0 3 13-0 
12 0 3 0-0 i9 6 6-0 
10 6 9-0 —10-0 
00 4 6-0 — 23 
206 10-0 —11°8 
10 4 12-0 9-8 
3 0 6 6-0 5+6 
204 14-0 ~14-8 
40 6 0-0 — 
30 4 25-0 26:5 
5 0 6 0-0 — 39 
404 10-0 ~ 9-9 
5 0 4 13-0 12-3 001 24-0 —28+2 
6 0 4 10-0 11-1 101 18-0 14:7 
1 
704 17-0 ~15-9 2-01 22:0 —22°4 
8 0 4 16-0 123 3 01 *39-0 44-9 


i 
/ 
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TABLE V—(Contd.) 
hkl F, F, hkl F, F, 
401 180 ~122 120 2 10-0 10-6 
501 25-0 13 0 2 14-0 
601 39-0 43-8 
10 0 1 70 3 38:0 
1201 
1301 11-0 0-2 03 6-0 
8 0 3 25-0 24-7 
002 *66-0 ST 903 21-0 
20-2 41-0 on 
402 6-0 2:8 
5 0 2 46-0 470 004 60 —2:3 
602 20-0 —152 104 14-0 
702 23-0 85 204 17-0 17-4 
8 0 2 17-0 —182 304 25-0 
902 15-0 17-2 404 13-0 10-4 
10 0 2 +he 7-0 6-2 
11 0 2 9-0 — 8-8 6 0 4 0-0 3-7 


> 
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TABLE V—(Contd.) 


hkl F, F, 
704 12-0 1-4 6 05 40 — 4&5 
8 0 4 120 -155 705 00 
904 9-0 12-9 805 7-0 10-0 
10 0 4 885 80 — 81 
11 0 4 0-0 1-2 

0 0 6 60 —5-9 
00 5 5-0 os Les 4-0 3-6 
105 4-0 16 206 4-0 3-1 
205 00 — 43 
30 5 12-0 147 406 5-0 5-4 
405 13-0 506 60 —7:9 
5 0 5 12-0 12-5 

TABLE VI 


~ Observed and calculated structure amplitudes and calculated phase 


angles for the hkO reflexions of L-tyrosine hydrobromide 


° 


RE I | F, | «a hkl a° 
0.1 0 27 270 
2 9 3-0 293 8 1 0 29 27:0 180 
16 19-0 23 9 1 0 33 345 
2-2 0 *50 65-0 187 10 1 0 16 15-0 322 
410 *40 8945-5 359 11 1 0 0 0-0 67 
*# i @ 19 18-0 205 12 1 0 8 9°5 12 
6 1 0 18 17-0 242 13 1 0 10 95 193 
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TABLE VI—(Contd.) 

hk il |F.| hkl im] 
14410 9 9°5 0 750 18 160 15 
3:6 18 19-0 189 
23 18-5 219 23 20-5 0 
z= 3) ¢@ *57 57°5 168 10 5 0 10 9-0 191 
3 *5] 53-5 354 0 3°5 180 
*38 41-0 191 12 5 0 0 5-0 83 
13 12:0 10 is; & 0 8-0 168 
> 0 34 1450 9 8-0 352 
73 0 21 15°5 136 

0 0 ee ee ee 
3 ¢ 26 26:0 10 

10 9°5 29 
930 14 14-0 215 

2 7 @ 22 21-5 190 
10 3 0 18 19-5 4 

7 28 27-0 19 

470, 20 18-0 179 
12 3 0 7 6-0 167 

7 @ 11 8-0 339 

0 2°5 347 
14 3 0 8 10-0 180 

Uu® 18 16:0 173 
8 7 0 18 17:0 324 
15 0 ITS M4400 7 gg 10 10-0 
45 0 29 26-0 0 
6 2°0 130 09 0 ‘ 
& &.¢ 15 16°5 178 19 0 7 7-0 164 
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TABLE VI—(Contd.) 


kU oR) Pet mw 
290 1 120 0 920 #18 65 7 
39 0 17 160 181 1020 £10 100 142 
490 13 140 359 #1120 #42 «21-0 353 
59 0 7 #70 #135 1220 £4915 , 165 173 
690 7 50 31 £1320 9 95 1 
790 6 45 328 
8 9 0 7 
99 0 
240 19 160 350 
O11 0 340 13. 12:0 203 
111 0 35 440) 189 
311 0 90 640 31 35-5 180 
020 320 ms 8 490 
120 6 20 5 45° 
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Crystal Structures of L-Tyrosine Hydrohalides—I 
TABLE VI—(Contd.) 


|F,| a® h k |F,| |F.| a® 


6 0 13 10:0 228 5 €.9 14 12:5 0 
6 0 5 10°5 324 6 8 0 16 
6 0 18 19-0 172 7 8 0 10 8-0 11 
6 0 18 22:0 18 8 8 0 10 6:0 160 
6 0 20 3820-5 193 9 8 0 7 6:0 194 
6 0 9 7:0 0 10 8 0 7 8-5 29 
6 0 0 2°5 113 
6 0 10 8-0 171 010 0 17 19-0 =158 
6 0 10 12:0 350 110 0 12 13-5 138 
6 0 12 145 188 210 0 6 5-0 156 
310 0 0 3-0 181 
08 0 18 23-5 18 
410 0 8 6°5 199 
18 0 18 16°5 145 
510 0 7 10-0 178 
28 0 10 $5 326 
610 0 9 10-0 353 
3 8 0 12 8-0 299 
710 0 8 8-0 342 
4 8 0 11 15-5 155 


* These have been corrected for extinction effects. 


In view of the fact that the standard deviation in C—C distance is 0-05 A 
this variation in the bond lengths is not significant. Such deviations are also 
to be found in the structures of ephedrine hydrochloride (Phillips, 1954) 
glycyl-L-tyrosine hydrochloride (Smits and Wiebenga, 1953). The bond 
angles in the benzene ring are also quite normal and they range between 
115 and 122° with an average of 1194°. 


As expected, the benzene ring is essentially planar. The equation to 
the plane of the benzene ring was determined by the method of least squares 
and it is given by z + 1-083 y — 0-580 x = 1-526. The largest deviation 
from the plane occurs for the atom C, and is only 0-028 A. The deviations 
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for the various atoms are: C, = + 0-023, C, = — 0:0013, C,; = 0-028, 
C,= — 0-011, C; = —0-015 and C, = — 0-023 A. The atoms O, and 
C, are almost in the same plane as the benzene ring. Their deviations from 
this plane are respectively + 0-087 A and + 0-042 A. 


The distance of 1-42 A for C,—O, is close to the standard value of 
1-43 A for the single carbon-oxygen bond (Pauling, 1945). However, it 
has been found in most cases that the single C—O distance is considerably 
smaller than 1-43 A if the carbon concerned belongs to an aromatic group. 
Examples are 1-36 A and 1-37 A in £-resorcinol (Robertson and Ubbelohde, 
1938), 1-36 A in a-resorcinol (Robertson, 1936), 1-38 A in glycyl-L-tyrosine 
hydrochloride (Smits and Wiebenga, 1953) and 1-36 A in some additional 
complexes of quinol (Palin and Powell, 1947). Since the standard deviation 
in the C—O distance is 0-034 A it is difficult to decide whether the above 


C,—O, distance of 1-42 A is really larger than those found in the compounds 
cited above. 


All the C—C distances are close to the standard value of 1-54 A with 
the exception of C,—C, which is only 1-47 A. The standard deviation in 
C—C is 0-05 A when both atoms are well resolved. Since one of them is 
involved in overlap in one of the projections the error in C,—C, can be taken 
as slightly larger than 0-05 A so that a discrepancy of 0-07 A from the normal 
value is not significant. Therefore, in all probability C,—C, is not shorter 
than the other C—C bonds and the above deviation can be considered to be 
due to errors. 


The carboxyl group is also planar and the equation to the plane is 
z+0-05 y — 1-681 x = 7-092. 


The maximum deviation from this plane occurs for C, and the r.m.s. deviation 
is 0-041 A. The deviations of the different atoms are C, = — 0-034, 
C, = 0-070, O, = 0-02 A and O, = — 0-01 A. The distance of nitrogen 
from this plane is + 0-62 A. The value for the above distance varies within 
wide limits in the various amino acids investigated so far. Examples are 
0-44 A in DL-glutamic acid hydrochloride (Dawson, 1953), 0°39 A in DL- 
Alanine (Donohue, 1950), 0-59 A in L-threonine (Shoemaker et al., 1950), 
and 0-70A in DL-methionine (Mathieson, 1952). 


The values of 1-26A and 1-29A for C,—O, and C,—O, respectively 
agree with those found in other compounds, as for example, 1-25 A and 
1-27A in histidine hydrochloride monohydrate (Donohue et al., 1956), 
1-26A and 1-28A in glycyl-L-tryptophan dihydrate (Pasternak, 1956), 
and 1-26 and 1-27 A in serine (Shoemaker ef al., 1953). The fact that both 
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bonds are slightly larger than the value of 1-215 A for pure double bond 
distance (Pauling, 1945) is in agreement with the finding that the two oxygens 
are involved in hydrogen bonding (see the discussion later). The angle 
O,—C,—O, is 126° and is in agreement with those found in other structures 
and also with the theoretically predicted value of about 125° (Pauling, 1945). 


The distance between the carbon C, and the nitrogen seems to be normal 
with a value of 1-49 A. Similar values are reported in other amino acids; 
e.g., 1-49 A in serine (Shoemaker er al., 1953), 1-49 A in L-threonine (Shoe- 
maker et al., 1950) and 1-50 A in DL-norleucine (Mathieson, 1953). How- 
ever, Donohue et al. (1956) remark that a slightly larger value can be expected 
for the a C—NH,°* distance in amino acids, in view of the fact that a value of 
1-505 A is obtained as an average for the above distance from a number of 
amino acids. 


MOLECULAR ARRANGEMENT AND HYDROGEN BONDS 


As is to be expected, the chain of the molecule is along the longest a-axis 
and the molecules are all stacked in sheets more or less parallel to (010). 
The molecules M and M’ alternately occupy these sheets. Molecules in 
different layers and also in the same layer are all connected by a system 
of hydrogen bonds of the type OH....O, OH....Br, NH....O, and 
NH....Br. The strong OH....O bond involving the oxygen of the 
phenolic hydroxyl group and an oxygen of the carboxyl group is mainly 
responsible for connecting the adjacent layers M, M’. The Br- ion bridges, 
through hydrogen bonds, not only molecules in adjacent layers but also 
those in the same layer M or M’. These will be discussed now in some more 
detail. 


There are, on the whole, five hydrogens in a molecule of L-tyrosine 
hydrobromide, which can be expected to take part in hydrogen bond forma- 
tion. These are: the three hydrogens of nitrogen (since NH,* Br- is the usual 
configuration assumed in amino acids), one belonging to the carboxyl group 
and the last belonging to the phenolic hydroxyl group. 


A reference to Table IV shows that O,(M)—O,(M’) distance is quite 
short, having a value of only 2:5 A. This shows definitely the existence of 
a hydrogen bond. However, the above value of 2:50 A for the OH....O 
bond is shorter than the value of 2-6 to 2:9 A usually reported for amino acids. 
But short OH....O bonds are not uncommon. For example, such bonds 
occur in the structures of oxalic acid dihydrate (2-49 A, Ahmed and Cruick- 
shank, 1953), furic acid (2:53 A, Goodwin and Thompson, 1954), L-glutamic 
acid (2:54 A, Hirokawa, 1955) and urea oxalate (2-50 A, Donohue, 1952), 
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The hydrogen involved in the above bond should be that of O;. The 
reason for this is mainly that the hydrogen of the phenolic hydroxyl group 
is directed towards the bromine, forming a hydrogen bond in that direction 
(see the discussions below). Also the angle C,—O,(M’) — O,(M) is 112° 
which is near the correct angle for a hydrogen bond from O, to O,. 


As mentioned earlier, there exists a hydrogen bond between the oxygen 
of the phenolic hydroxyl group and the bromine. This O, (M)—Br distance 
is only 3-23 A and agrees well with similar OH....Br bonds in other com- 
pounds. Examples are 3-15, 3-30 and 3-41 A in the structure of strychnine 
hydrobromide (Robertson and Beevers, 1951) and 3-29 A in D (—) isoleucine 
hydrobromide (Trommel and Bijvoet, 1954). The angle C,—O,—Br (132°), 
though rather different from the tetrahedral angle, is not uncommon in 
hydrogen bond formations. The hydrogen involved in the above bond is 
therefore believed to be that of QO. 


Coming to the hydrogens belonging to the nitrogen, Fig. 7 shows that 
there are four atoms in the neighbourhood of nitrogen which are within 
distances of possible hydrogen bond formation. For definiteness let us 
consider the nitrogen N(M’) (Fig. 75). The various distances are: 
N (M’)—Br’ (3-46 A), N (M’)—Br'g9;, (3°46 A), N (M’)—Bro, (3-50 A) and 
N (M’)—O, (M,jo;) (3°01 A). Of these, all the N—Br distances are just on 
the verge of the sum (3-43 A) of the ionic radii of Br- (1-95 A) and NH,* 
(1-48 A) (Pauling, 1945). The N(M’)—O, (My) distance is also close 
to the usual NH....O bond. It is hence difficult, from bond length con- 
siderations alone, to decide as to which are the real bonds. The calculation 
of the various hydrogen bond angles should help in making the proper choice. 
Table IV shows that if the three N—Br distances are taken as hydrogen 
bonds, they are all approximately at tetrahedral angles if viewed from 
C,—N. These angles are 101, 136 and 107°. But this leaves the short 
N (M’)—O, (Mypo;) distance unexplained. However, if we choose the N—O, 
as a possible hydrogen bond direction in preference to N (M’) H....Brg: 
[since the latter (3-5 A) is slightly larger than the other two N—Br distances 
(3-46 A)], still the tetrahedral angles are satisfied with respect to C,N, the 
angles being 101, 136 and 130°. However, the issue can be decided by the 
criterion that all the angles involved should mutually satisfy the tetrahedral 
arrangement. Calculation shows that if NH....O is discarded in pre- 
ference to N (M’)H....Broo;, the angle Bryo,—N(M’)—Br’ is rather large 
(144°), whereas if NH....O is taken as the real bond the other angles are 
more nearly satisfactory. It is therefore concluded* that N(M’)....O, 


* In the preliminary report (Srinivasan, 1958) a conclusion contrary to this had been arrived 
at, but that has since been found to be due to a miscalculation in bond angles, 
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is the more probable hydrogen bond and that N(M’)....Broo, is not. The 
slightly larger value of 3-50 A for this N—Br distance compared with 3-46 A 
for the other two N—Br distances also supports the above view. 


Again viewed from the position of the atom bromine (say Br’) the above 
scheme is perfectly satisfactory. The above Br’ is now hydrogen bonded to 
three atoms N(M’), N (Moi) and O, (M’j99) and these are approximately 
at triangular positions and also nearly planar. 


An exactly similar situation occurs in the hydrochloride also and there 
again an analogous choice seems to be the most satisfactory one. 


The NH....O bond length of 3-01 A also agrees with the values found 
in other compounds. Examples are, 3-03A in acetyl glycin (Carpenter 
and Donohue, 1950), 2-80, 2-90 and 3-10A in L-threonine (Shoemaker 
et al., 1950). But a survey of the various NH....O bonds shows (Dono- 
hue, 1952) that the above bond is usuaily less than 3-0 A. However, the 
very slightly larger value of 3-01 A in our case only indicates that the bond 
is rather weak. Thus the scheme of hydrogen bonding is satisfactory and 
explains well the internal packing arrangement of the molecules in the struc- 
ture. 


VAN DER WAALS CONTACTS 


The table of intermolecular distances shows that all non-bonded dis- 
tances are quite normal excepting the length Cy (Myo9)—Br which is rather 
short (3-3 A). Since the carbon atom involved in this short contact belongs 
to the planar carboxyl group, its Van der Waals radius can be taken to be 
that of an aromatic carbon. If we therefore take the value of 1-7A for 
it as quoted by Robertson (1955), we get the sum of the radii of bromine 
ion (1-95 A) and the above carbon (1-70 A) to be about 3-7 A and this is 
much larger than the observed value of 3-3 A. However, such short con- 
tacts are not unusual. For example, non-bonded distances of 3-58 A for 
Br—Br in Di-p-tolylselinium dibromide (McCullah and Marsh, 1950), 3-3A 
for Br—Br in crystalline bromine (Vonnegut and Warren, 1936), 3-54A 
between methyl groups in m-tolidine dihydrochloride (Fowweather and 
Hargreaves, 1950) 3-4 A between I and Cl in benzene iodochloride (Archer 
and Schalkwyk, 1953), 2-73 A between I and O in parachloriodoxy benzene 
(Archer, 1948) have been reported. 


Moreover, as pointed out by Pauling (1945), Van der Waals contacts 
usually vary within wide limits depending on the nature of the internal forces 
in the structure, on the types of approach of atoms concerned, etc. These 
conditions depend on the particular structure under consideration and hence 
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will vary from structure to structure. From this point of view the short 
contact of 3-30A in our case could be attributed to the short OH....0 
bond of length 2-50 A between O,(M) and O,(M’) which should be an 
exceptionally strong bond. It is obvious (Fig. 7 a) that the distance Br—-C, 
cannot be increased without, at the same time, reducing the O,(M’)H .... 
O, (M) distance which is already quite short (2-50 A). In other words, the 
carboxyl group seems to be at an equilibrium position between the bromine 
and the oxygen O, of the phenolic hydroxyl group. This offers us an expla- 
nation of both the distances OH....O and C,—Br being short. 


The author wishes to express his thanks to Professor G. N. Rama- 
chandran for the valuable suggestions he gave during these investigations. 
His thanks are also due to the University of Madras and to the Government 
of India for the award of a Studentship and Scholarship respectively during 
the tenures of which the above work was carried out. 
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